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Abstract. Now 50 years since the existence of the neutron star crust was proposed,
we review the current understanding of the nuclear physics of the outer layers
of accreting neutron stars. Nuclei produced during nuclear burning replace the
nascent composition of the neutron star ocean and crust. Non-equilibrium nuclear
reactions driven by compression alter the outer thermal structure and chemical
composition, leaving observable imprints on astronomical phenomena. As observations
of bursting neutron stars and cooling neutron stars have increased, the recent volume
of astronomical data allows new insights into the microphysics of the neutron star
interior and the possibility to test nuclear physics input in model calculations. Despite
numerous advances in our understanding of neutron star interiors and observed neutron
star phenomena, many challenges remain in the astrophysics theory of accreting
neutron stars, the nuclear theory of neutron-rich nuclei, and the reach and precision
of terrestrial nuclear physics experiments.
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1. Introduction
It has been nearly a century since the first nuclear reaction was intentionally measured
in the laboratory (14N(α, p) in 1919 by Rutherford [1]) and a half century since the
existence of the neutron star crust was proposed by Ruderman [2]. These milestones,
and the later discovery of the first X-ray burst in the source 3U 1820-30 [3], laid
the foundation for a collaborative effort between nuclear physics and astrophysics to
advance our understanding of dense matter. It was soon postulated that X-ray bursts
on accreting neutron stars arise from the unstable ignition of accreted hydrogen and
helium material [4, 5], an idea later supported by numerical models [6–8]. Burst models
now serve as an important probe of nuclear reactions [9] because nuclear burning in
X-ray bursts proceeds through a combination of the triple-α reaction, rapid proton-
capture (rp)-process, and α-capture proton-emission (αp)-process [10]. Moreover, burst
models reveal the thermal structure of the neutron star’s outer layers where the bursts
originate.
As accreted material accumulates on the neutron star surface it compresses
underlying material to greater depths and higher mass densities. Before the ashes of
hydrogen and helium burning join the crust, further nuclear burning takes place. For
example, any 4He still present will be captured on heavier isotopes. Runaway 12C+12C
fusion powering superbursts is the most dramatic instance of burning in the ashes layer
[11, 12]. These superbursts are a thousand times more energetic, a thousand times
longer, and occur much deeper than the standard X-ray bursts. These rare events allow
one to probe deeper layers of the stellar envelope.
Cooling neutron stars provide another avenue to explore the thermal properties of
dense matter and the nuclear reactions therein. In transient systems, the neutron star
accretes material in episodes lasting days to years (see Reference [13] for a summary)
and the accretion-induced compression of the neutron star crust triggers non-equilibrium
nuclear reactions [14, 15] that heat the neutron star crust [16, 17]. When an accretion
episode ends, the neutron star cools on observable timescales [18, 19] and the cooling
trend probes the microphysics of the interior [20, 21]. In addition to constraints on
the thermal properties of the outer layers, the observed cooling reveals the strength and
location of nuclear reaction heating, and by extension the details of the nuclear reactions
themselves. For example, observations of cooling neutron stars can be explained by
models including e−-capture heating [22] and pycnonuclear fusion heating [23] in the
neutron star crust. Furthermore, crust cooling has the potential to reveal strong Urca
cooling layers [24, 25] that are suspected to be present in crusts enriched by X-ray burst
ashes [26].
Experimental nuclear data are critical physics input for neutron star models. Dense
matter constraints derived from neutron star observations are therefore limited by the
precision of nuclear physics input in addition to other systematics. The reduction
of nuclear physics uncertainties, as well as the development of more sophisticated
neutron star models, will improve future observational constraints on dense matter.
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For example, current investigations of the critical reaction rates in X-ray bursts [9, 27],
studies of key properties of nuclei in the accreted crust [25, 26], and nuclear reaction
network calculations of accreted crust compositions [22, 24, 28], all promise to improve
the observational constraints on dense matter derived from accreting neutron stars.
We begin in section 2 by briefly outlining the neutron star structure. Sections 3 and
4 describe the original composition of the neutron star crust and the accretion process
which drives the system from equilibrium. In section 5, we discuss the nuclear burning
that can occur on the surface of accreting neutron stars and the nuclei produced during
the different possible burning regimes. In actively accreting neutron stars, the ashes
of prior surface nuclear burning are compressed to greater depths by newly accreted
material. We discuss in section 6 the nuclear interactions involving the ashes that take
place as the ambient mass density increases. In section 7, we investigate the impact of
interior nuclear interactions on observable neutron star phenomena. We summarize and
discuss prospects for future work in section 8.
2. Neutron Star Structure
A neutron star is born in the death of a massive star (from 8 and up to 50 M [29, 30],
where M = 1.99 × 1033 g is the mass of the Sun), when the lack of sufficient outward
pressure from the core to balance the inward compression from gravity leads to a
dramatic collapse. The iron-group nuclei in the progenitor core are rapidly transmuted
by electron-captures and photodisintegration, transforming the core into a hot and
extremely dense neutron-rich sphere [31, 32]. The collapse halts when the central density
approaches the mass density of atomic nuclei, ρ0 = 2.8 × 1014 g cm−3 (baryon density
n0 = 0.16 fm
−3), and the neutron degeneracy pressure and the repulsion from the strong
nuclear force bounce back the infalling matter. This can finally result in a core collapse
supernova event, leaving a dense compact remnant – a neutron star – behind [29, 30].
As a consequence, neutron stars contain ∼ 1–2 M in a sphere of radius R ∼
10–15 km [33, 34] and have average mass densities of several ρ0. Almost all (99 per cent)
of the mass is concentrated in the bulky core composed of uniform nuclear (or possibly
more exotic) matter. The equation of state and even the composition of the neutron
star core are unknown and their elucidation are some of the fundamental problems of
neutron star astrophysics [35].
At mass densities ρ . 0.5 ρ0 the uniform nuclear matter is unstable and arranges
into nuclear clusters, which at the low densities are familiar albeit neutron-rich nuclei
[36]. These outer layers of the neutron star, though comprising only roughly one
percent of the mass, provide the settings for all of the astronomical observables used to
characterize accreting neutron stars, and are the primary subjects of the present review.
Much like a terrestrial planet, the neutron star outer layers consist, from the outside-
in, of an atmosphere and liquid ocean (collectively referred to as the envelope), solid
crust (outer and inner), and the mantle, roughly 1 km thick in total as schematically
shown in figure 1. In contrast to planetary envelopes, matter in these layers is under
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extreme conditions, for example, the enormous gravity g = (GM/R2)(1+z), where G is
the gravitational constant, M is the neutron star mass, (1 + z) ≡ (1− 2GM/(Rc2))−1/2
is the gravitational redshift at the neutron star surface, and c is the speed of light. For
a canonical neutron star of M = 1.4M and R = 10 km, g = 2.44 × 1014 cm s−2 and
1 + z = 1.31. Large gravity ensures that General Relativity effects are important when
neutron star phenomena are studied. Since the outer layers are thin, the gravity and
the redshift can be set constant and equal to the surface values.
Throughout this paper we will use various physical quantities to specify the current
position in the global structure of the envelope depending on the aspects of the problem
discussed. The equation of state and composition of dense matter mainly depend on
the mass density ρ or baryon number density nB. However, these quantities may be
discontinuous at composition changes (see below) and thus may not be the appropriate
variables to follow the crustal structure. Instead, the pressure P or the column density
y ≡ P/g are continuous and increase monotonically, and are convenient measures of the
depth. The column density is especially useful when accretion phenomena are studied,
since the total baryon mass above a layer with y = constant is ∆MB(y) = 4piR
2y. Note
that the gravitational mass of the same layer is smaller, ∆M = ∆MB/(1+z), because of
the gravitational binding energy. One also distinguishes between the radial coordinate
r (so that the surface area is 4pir2) and the proper depth measured by a local observer
in the envelope ζ =
∫ R
r
(1 + z(r))dr ≈ (1 + z)(R− r).
Figure 1. Schematic of the outer layers of a neutron star.
The outer neutron star envelope – atmosphere and ocean – contains a non-ideal
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plasma of electrons and ions, and except in the outermost layers, the plasma is fully
ionized. There is usually no phase transition between the gaseous and liquid state,
except for some special cases [37]. The atmosphere is distinguished as the region
where the neutron star surface emission is formed and extends up to a density of
∼ 10−4 − 106 g cm−3 [38], depending on the physical conditions. Both the atmosphere
and ocean may host convective processes, driven by gradients of temperature and
chemical potentials [39, 40]. In most of the envelope, electrons are strongly degenerate,
relativistic (at ρ  106 g cm−3), and provide the main contribution to the pressure.
For ultrarelativistic electrons, their contribution to the pressure is Pe = µ
4
e/(12pi
2~3c3),
where µe is the electron chemical potential and ~ is the reduced Planck constant. Thus
µe is directly related to the column depth y (such that µe ∝ y1/4) and provides another
useful measure of the depth. µe is a particularly convenient coordinate to use when the
crust composition and nuclear reactions are studied (sections 3, 6). For convenience, we
give the relation between various measures of depth in the neutron star outer envelope
and crust, where the dominant pressure is from degenerate electrons:
y ≈ 7.2× 109 g cm−2
( µe
1 MeV
)4 2.44× 1014 cm s−2
g
, (1)
ρ ≈ 7.2× 106 g cm−3
( µe
1 MeV
)3 1
Ye
, (2)
ζ ≈ 40 m µe
1 MeV
2.44× 1014 cm s−2
g
Ye, (3)
where Ye is the electron fraction, and in equation (3) it is a depth-averaged quantity.
The properties of ions are determined by the ratio of their Coulomb energy to the
thermal energy. For a plasma containing ions of one species with charge number Z, the
plasma coupling parameter Γ = Z2e2/(akBT ), where a = [3/(4pini)]
1/3 is the ion-sphere
(Wigner-Seitz) radius, ni is the ion number density, e is the elementary electric charge,
and kB is the Boltzmann constant. When Γ & 1, ion correlations are important so they
form a non-ideal Coulomb liquid. In the region where electrons are ultrarelativistic,
Γ ≈ 105
(
Z
26
)5/3(
T
108 K
)−1
µe
1 MeV
≈ 361
(
Z
26
)5/3(
T
108 K
)−1
y
1/4
12 ,(4)
where y12 is the column depth measured in units of 10
12 g cm−2 and the canonical value
of g is used. When there are multiple ion species Zj, which is the case for the accreted
crust, partial Γj are introduced, and an average 〈Γj〉 can be used to describe the state
of the whole mixture. An important quantity is the so-called impurity parameter which
describes variance of the charge mixture around the mean charge 〈Z〉. It is defined as
Qimp ≡ 1
nion
∑
j
nj(Zj − 〈Z〉)2 , (5)
where nion is the total local number density of ions, and nj is the local number density
of nuclei species j. The impurity parameter is important when the transport properties
such as thermal conductivity are discussed (see section 7).
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At a depth of several tens of meters, the ocean solidifies [2, 41]. The pure Coulomb
plasma solidifies at about Γ ≈ 175 [42] and forms a perfect crystal with a body-centered
cubic lattice. As follows from equation (4), for a typical temperature T = 108 K
solidification occurs at µe ≈ 1.7 MeV (y ≈ 6 × 1010 g cm−2, ζ ≈ 140 m) for Z = 26
(iron). This point corresponds to mass density ρ ≈ 7 × 107 g cm−3 and shifts deeper
inside the neutron star for decreasing Z.
The solidification of the multi-component mixture is thought to occur at a similar
order of magnitude of the average 〈Γ〉 [43]. However, the exact structure of the
multicomponent solid crust and solidification layer at the ocean-crust boundary are
not well understood. There is strong theoretical and observational evidence that the
solid mixture also arranges in a regular but impure crystalline structure (see sections
7.1 and 7.2).
A few-hundred meters deeper, the rising electron chemical potential results in β-
equilibrium nuclei closer to the neutron dripline, until ultimately the neutron separation
energy for nuclei in the plasma becomes negative. At this point it is energetically
favorable for neutrons to drip out of nuclei and form a neutron gas [35, 44] marking
the upper boundary of the inner crust. This neutron drip occurs at densities ρnd ∼
4− 10× 1011 g cm−3 depending on the composition and the theoretical model used. For
the accreted crust, generally, ρnd is on the high end of the aforementioned range. Thus
in the inner crust an ion lattice coexists with a gas of free neutrons which soon becomes
degenerate and starts giving the dominant contribution to the pressure. At this point,
equations (1)–(3) are now inapplicable.
Due to the attractive component of the strong interaction, the degenerate neutron
gas is subject to a pairing instability. It is believed that in the crust paring occurs in
the singlet 1S0 channel and the critical temperature Tcn is density-dependent with the
maximal value of order of ∼ 5×109 K [45]. Thus a large portion of the crustal neutrons
is thought to be superfluid, although the precise form of the Tcn(ρ) profile is very
model-dependent. At large densities the nuclear interaction in the 1S0 channel becomes
repulsive and superfluidity ceases at the lower bound of the inner crust. However, in
some models, 1S0 superfluidity penetrates the core. We discuss the observable impact
of neutron superfluidity in section 7.2.2.
When the density increases further in the inner crust, groupings of protons
and neutrons are no longer accurately considered as nuclei and can rather be called
nuclear clusters. Eventually, the clusters become so large and closely spaced that
the competition between the nuclear surface energy and Coulomb energy distorts
the nuclei in into complex shapes called nuclear pasta [46]. Molecular dynamics
simulations demonstrate that nuclear pasta can begin to appear near mass densities
of ρ & 8 × 1013 g cm−3 [47]. As a consequence, this ‘mantle’ layer can contain half the
mass of the whole crust. Note that the pasta layer does not exist for all equations of
state [48, 49]. Finally, when proton clustering ceases at ρ & 0.5ρ0, the transition to a
liquid core occurs.
The structure and properties of the crust as described above can be modified by
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the presence of fast rotation or high magnetic fields. For instance, rotation deforms the
crust, making it non-spherical. The presence of a strong magnetic field in the outer
layers can result in the absence of the ocean and a first order phase transition between
the thin gaseous atmosphere and the condensed neutron star surface. These effects are
outside the scope of this paper (see, e.g., References [37, 44]).
For the upper reaches of the inner crust and above, these regions are composed of
nuclei which can be made in current and near-future nuclear physics laboratories. As
such, accreting neutron stars provide a medium to explore many interesting multi-
physics questions through astronomical observations and theory, as well as nuclear
physics theory and experiment. The following sections will explore the dominant nuclear
physics processes occurring in accreting neutron stars’ outer layers and the astronomical
observables these processes impact. But first, a brief discussion of the crust composition
in the absence of accretion is beneficial in order to provide context for the dramatic
transformation accretion induces.
3. Pristine Crust Composition
The extreme temperatures (& 1011 K) achieved during the supernova collapse drive
matter in the unaccreted crust to its ground state in terms of nuclear and β equilibrium,
as determined by the local environment conditions and nuclear masses [50–53]. This
means that the unaccreted outer crust is stratified into several layers, each of which is
comprised of a single species of nuclide. Here we discuss the cold-catalyzed crust, where
matter is in its absolute ground state [52]. In principle, the composition may freeze-in at
a higher temperature, modifying the equilibrium abundance distribution due to thermal
fluctuations (see, e.g., Reference [54]).
In the outer crust, it is energetically favorable for nuclei to arrange themselves
in a Coulomb lattice within an electron Fermi gas [2]. As such, beyond minimizing
the usual liquid drop terms describing the nuclear mass in vacuum, the additional
energy contributions from the lattice and the electron gas must be considered [51, 52].
The dominant liquid drop terms include the volume energy, which can be modified
due to compression by the dense environment; the surface energy, which generally
favors large-A nuclides; the Coulomb energy, which favors low-A nuclides; and the
symmetry energy, which favors nuclides with neutron number N = Z. The lattice
energy favors the existence of large-A nuclei, providing a Coulomb energy of opposite
sign to its liquid-drop partner. The resulting total energy per nucleon is Etotal/A =
Enuclear/A+Ee−−gas/A+Elattice/A, whose minimum defines the equilibrium nucleus. In
practice, the equilibrium composition is solved for at a given pressure, which is a proper
continuous variable. Therefore, it is generally the Gibbs free energy per nucleon that is
minimized [17, 53, 55].
At relatively low density near the neutron star surface, the nuclear energy term
will dominate and the nucleus with the minimum mass per nucleon, 56Fe, is optimal.
At deeper depths, the increasing electron chemical potential µe creates an energetic
6
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Figure 2. Equilibrium composition for a cold-catalyzed neutron star outer crust
calculated using a liquid drop model for nuclear masses (thick lines). To demonstrate
the impact of shell effects, the equilibrium composition obtained using experimental
masses when available and the BSk8 Skyrme model otherwise, as reported by
Reference [56], is also shown (thin lines). See figure 9 to compare to the accreted
crust composition.
incentive to lower the electron fraction, Ye = Z/A, favoring more neutron-rich nuclides,
in competition with the nuclear symmetry energy which favors Ye = 1/2. A decent
estimate of the equilibrium nuclide at a given depth can be obtained by employing the
semi-empirical mass formula for the nuclear binding energy in conjunction with the
e−-gas chemical potential and lattice energy, resulting in the total energy per nucleon
Etotal (A,Z, µe) /A = mpc
2Ye +mnc
2 (1− Ye)− av + as
A1/3
+ acA
2/3Y 2e (6)
+ aa (1− 2Ye)2 + 3
4
Yeµe − C`A2/3Y 5/3e µe,
where mp and mn are the proton and neutron masses, respectively; av, as, ac, and aa
are the volume, surface, Coulomb, and asymmetry coefficients of the semi-empirical
mass formula; and C` is a (relatively small) constant scale factor for the Coulomb
lattice energy [55]. This assumes an ultrarelativistic form for the electron Fermi gas
contribution. The equilibrium nuclide is found by minimizing equation (6) with respect
to Ye and separately with respect to A
1/3, which gives Z and A at the minimum.
To demonstrate how liquid-drop nuclear binding, electron gas, and Coulomb
lattice energy contributions impact the equilibrium nucleus, an approach similar to
Reference [55] is followed here. We fit the nuclear binding contribution from equation (6)
to the experimental masses of the 2012 Atomic Mass Evaluation [57], though including
an additional term for the nuclear pairing energy that goes as iapA
−3/2 [58], where
i = +1,−1, or 0 to enhance, penalize, or leave alone nuclear binding for even-even,
odd-odd, and even-odd nuclides, respectively. For such a fit, av=15.302, as=16.518,
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ac=0.687, aa=22.243, and ap=5.898, each with units of MeV. Using these parameters and
C`=3.40665×10−3 (for a body-centered cubic lattice, e.g. Reference [55]), simultaneous
minimization of A1/3 and Ye results in the equilibrium nucleus trend shown with thick
lines in figure 2.
The trend in composition for a liquid drop model is modified by the presence of
nuclear shell closures present in more realistic nuclear mass models, as shown with thin
lines in figure 2. Though models disagree on the detailed composition depending on
which nuclear mass model is employed, generally, the equilibrium nuclide is near the
Z = 28 shell closure at shallow depths (nB ∼10−7 fm−3, i.e. ∼50 m), transitioning
to N = 50 nuclides (nB ∼10−5 fm−3, i.e. ∼150 m), and finally resulting in N = 82
nuclides prior to neutron-drip (nB ∼10−4 fm−3, i.e. ∼300 m) [53, 55, 56, 59]. Nuclear
mass measurements at radioactive ion beam facilities are working their way toward
more exotic nuclides to resolve existing discrepancies in theoretical predictions, where
experimental constraints are presently available down to a depth of ∼200 m [60]. Beyond
this, theoretical estimates are necessary [61].
Figure 3. (a): Composition in the inner crust in the BSk21 model after Reference [62].
Solid, dashed, and dash-dotted lines show charge number Z, mass number in the cluster
A, and total mass number in the Wigner-Seitz cell A′, respectively. Right: Neutron
and proton number density distributions in the Wigner-Seitz cell. (b): nucleon density
profiles near the top of the inner crust, at µe = 30 MeV. Relevant nuclear quantities
are given in the plot. (c): the same for µe = 70 MeV, close to the nuclear pasta onset.
By contrast, the pristine inner crust composition is far more uncertain. The
presence of the neutron gas makes describing the composition in terms of nuclei less
adequate and, instead, it is more precise to use the concept of proton clusters [44].
Example equilibrium “nuclei” are 1269Zr and 633Ca [63], where the total mass number
per cluster is used to mark the isotopes. In this respect, one usually wants to distinguish
between the total number of nucleons A′ per cluster and the number of nucleons inside
the cluster A. Such a distinction is not a well-defined procedure and one usually takes
the nucleon density far from the cluster center as the ‘gas’ phase density. One approach
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to describe this region is the classical approach employing a compressible liquid drop
model [52]. Conceptually, this technique is similar to the method described above for
the outer crust, however, extra terms are included in the total energy to account for
contributions from the neutron gas and modifications to the liquid-drop semi-empirical
mass formula to account for nuclear compressibility. Instead, semi-classical approaches
describe the inner crust using energy density functionals, e.g. via the Thomas-Fermi
approximation [64]. The most sophisticated and computationally-intensive approach is
a quantum mechanical solution of the wave function for the cluster existing at each
depth [63]. Each of the three approaches feature compositions dominated by proton
shells Z = 20, 40, and 50, though disagreement remains as to which shell the composition
converges (see tables 3 and 4 of Reference [44]). The example of the composition
resulting from calculations in the BSk21 model [62] is shown in the left panel of figure 3
where we plot it until the density where the possible pasta phase would appear. In this
model, the proton shell Z = 40 is found everywhere in the inner crust. The concept of
a “cluster” as opposed to a nucleus is illustrated in the right panels in figure 3 where
we plot the nucleon density profiles in the same model for µe = 30 MeV (panel (b))
and near the bottom of the crust µe = 70 MeV (panel (c)). In the second case there is
a significant free neutron fraction Yn ≈ 0.8 and a broad neutron distribution is clearly
seen. We refer the reader to References [35, 44] and more recent works [62, 65–67] for a
detailed discussion of the inner crust composition in the absence of accretion.
4. Accretion onto the Neutron Star Surface
The neutron star crust undergoes a significant transformation from the pristine state due
to accretion. Neutron stars in binary systems with a lower-mass companion (low-mass
X-ray binaries) can accrete material onto their surfaces through Roche-lobe overflow.
Matter from the outer layers of the companion is transferred to an accretion disk
surrounding the neutron star. There it loses angular momentum and subsequently falls
onto the neutron star. Accretion can proceed continuously and we refer to the system
as a “persistent X-ray source”, or can proceed episodically in “transient” sources. A
transient outburst may have any duration from weeks or months to years (section 7.2).
The composition of the accreted material is that of the outer layers of the companion
star, which is often assumed to be similar to that of the Sun with mass fractions
of 0.739 1H, 0.247 4He, and the rest heavier isotopes [68]. In Ultra-Compact X-ray
Binaries [69] with a binary period shorter than 80 minutes, the companion star lacks a
hydrogen-rich envelope, and the accretion composition is mostly 4He. The signatures
of hydrogen and helium have been detected in the optical spectra of low-mass X-ray
binaries, but it is challenging to determine the mass fractions precisely [70].
When the companion mass is higher than the mass of the compact object, the
accretion via Roche-lobe overflow is not possible. However, the neutron star in the
binary system with massive (> 10M) early-type companion (high-mass X-ray binaries)
can accrete matter from the stellar wind or Be-star decretion disk. Neutron stars in high-
9
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mass X-ray binaries usually have relatively large magnetic fields (∼ 1012 G) and show
regular X-ray pulsations, while the magnetic fields of neutron stars in low-mass X-ray
binaries are low (108 − 109 G). We do not consider high-mass X-ray binaries below and
focus on low-mass X-ray binary sources, since the latter provide the main observational
manifestations of nuclear processes during accretion.
When an accreted nucleon finally settles at the neutron star surface, it releases
z/(1 + z) × muc2 ≈ 220 MeV of the gravitational energy (as measured in a distant
observer’s frame), where mu is the nucleon mass unit [71]. Part of this energy is radiated
from the accretion disk and the remaining part is assumed to be radiated away from the
surface. Therefore the estimate for the total accretion luminosity (mostly in X-rays), as
seen by the distant observer, is
L∞A =
z
1 + z
M˙c2, (7)
where M˙ is the mass accretion rate as seen at infinity (the mass accretion rate as seen
by the observer on the neutron star surface is M˙(1 + z)). Thus a measurement of the
persistent accretion flux in principle allows one to estimate M˙ . This is usually done by
assuming spherically-symmetric accretion and introducing the appropriate bolometric
correction factor to convert from the observed X-ray luminosity L∞X to bolometric
luminosity L∞A . It is customary to quantify M˙ in fractions of the Eddington mass
accretion rate M˙Edd at which the radiation pressure of the emitted X-ray photons
balances the gravitational pull on the infalling material. The critical Eddington
luminosity is
L∞Edd =
4piGMc
κes
/(1 + zph), (8)
where κes = 0.2 (1 + X) g
−1 cm2, with X being the hydrogen mass fraction in the
infalling material, is the electron scattering opacity and (1 + zph) is the gravitational
redshift of the emission region (photosphere); this region can be high above the neutron
star surface. Usually the Eddington luminosity without the latter factor is used, which
is the truly maximal limiting luminosity a distant observer can see [71]. Alternatively,
one sometimes sets zph = z in equation (8). For a 10 km Newtonian neutron star
(neglecting all General Relativity corrections) and a solar composition, one obtains
M˙Edd = 1.72× 10−8M yr−1.
During the time interval ∆t, a neutron star accretes ∆MB = M˙∆t baryon
mass. According to section 2, the base of this slab will be at the column density
y = M˙∆t/(4piR2). When accretion continues, this layer is compressed to higher y. In
this sense, by following the crust structure in section 2 with increasing column depth
we at the same time are following the journey of a given accreted fluid element deep
through the crust, where it undergoes various nuclear transformations, as discussed in
the following sections, to finally merge with the neutron star core. It is clear a fortiori
that the composition of the accreted layers shall be very different from the pristine crust
composition discussed in section 3. A neutron star accreting steadily at 0.01M˙Edd, will
replace its entire crust with the accreted crust in 108 yr.
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5. Production of Nuclei on Neutron Star Surfaces
A variety of processes are responsible for nucleosynthesis on and near the surface of
accreting neutron stars. Though the products of these burning processes, the ashes, are
likely unable to escape the neutron star gravitational potential and contribute to the
cosmic abundances [10], they have a significant impact on the accreted crust thermal
and compositional structure. Here we discuss the primary mechanisms through which
nuclei are produced in and on accreting neutron stars.
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Figure 4. Ash abundances predicted for stable surface burning at near-Eddington
acretion rate (black-lined unfilled histogram), superbursts (gray-filled histogram),
and Type-I X-ray bursts for a nominal reaction rate library (red-filled translucent
histogram) and, to highlight the impact of nuclear physics uncertainties, for the
59Cu(p, γ) rate reduced by a factor of 100 (red-lined unfilled histogram). Calculation
details are described in Reference [26]. General ash properties are listed in Table 1.
5.1. Ash Production from Type I X-ray Bursts and Other Hydrogen/Helium Burning
Regimes
The most prominent departure from the single-species-per-depth composition of pristine
crusts is realized for accreting neutron stars exhibiting Type I X-ray bursts (see
figure 4) [26]. Here we describe the key features of X-ray burst nucleosynthesis, focusing
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on helium-ignited hydrogen and helium burning bursts, as this case requires the most
extensive nuclear physics input as compared to other burning regimes. For completeness,
we first summarize the key observational and theoretical aspects of X-ray bursts before
discussing the nuclear physics sensitivities in detail (see also the recent review [72]).
5.1.1. Observation
Over 100 X-ray bursting systems are currently known in our Galaxy, including both
persistent and transient sources‡; figure 5 shows examples of bursting systems. For
many systems the mass accretion rate is observed to be time variable, and the bursting
behavior changes accordingly, such that for a specific source different kinds of bursts
may be observed over time. X-ray bursts were first reported in 1974 from observations
with the Astronomical Netherlands Satellite (ANS; [3]). At present several thousands
of bursts have been observed with a wide variety of durations, recurrence times, and
energetics [73]. Notable instruments include the European X-ray Observatory Satellite
(EXOSAT; active from 1983 to 1986) and the BeppoSAX Wide-Field Cameras (WFCs;
active from 1996 to 2002), which observed large burst samples from a range of sources,
and demonstrated how the bursting behavior changes as a function of the accretion rate
[74, 75]. The majority of bursts are observed at accretion rates M˙ ' 0.01− 1.00 M˙Edd,
with bursts lasting tens-to-hundreds of seconds and recurring every few hours-to-days.
Typically, the burst rate increases with M˙ : bursts repeat faster when their fuel is
replenished more rapidly. Around 0.1 − 0.3 M˙Edd, however, the burst rate reaches
a maximum, and decreases at higher M˙ . For most systems, no bursts are observed
near M˙Edd. In that case, it is thought that the accreted material burns in a stable
way, unlike a thermonuclear runaway that would produce a burst. Note that we do not
consider Type-II X-ray bursts, which generally have much shorter recurrence times (tens
of seconds to minutes) and ∼100 times greater time-averaged luminosities than Type-I
bursts [76]. While Type-I bursts are attributed to nuclear burning (see section 5.1.2),
Type-II bursts are attributed to impulses of accretion onto the neutron star [77].
The most detailed burst observations have been performed with the Proportional
Counter Array (PCA) on-board the Rossi X-ray Timing Explorer (RXTE; active from
1995 to 2012) [73, 79]. With its large collecting area, RXTE detected detailed burst
light curves that can be compared to nucleosynthesis models [80]. For example, the
contribution of the rp-process to the burst tail has been quantified for a large sample
[81], and the burst rise is significantly shaped by flame spreading across the neutron
star surface [82]. Recently, a reference sample of RXTE bursts has been created for
different fuel compositions (mixed hydrogen and helium, pure helium, and carbon) as a
benchmark for nucleosynthesis calculations [78].
In many astrophysical sites, for example novae and supernovae, the ash composition
can be inferred from spectral lines or edges from the debris of the explosion.
‡ https://personal.sron.nl/~jeanz/bursterlist.html
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Figure 5. Bolometric luminosity light curves observed with the RXTE/PCA for
sources 4U 1820−303, SAX J1808.4−3658, GS 1826−24 (panel (a)), and 4U 1636−536
(panel (b)), reproduced from Reference [78]. These bursts are thought to be pure-
He Type-I, He-rich Type-I, H-rich Type-I, and a superburst, respectively. Note that
the precursor burst for 4U 1636−536 [12] is not visible in panel (b) due to the
coarse time binning. The gap in the data for panel (b) is due to occultation by
the Earth. Data are courtesy of the Multi-Instrument Burst Archive (MINBAR):
https://burst.sci.monash.edu/minbar/.
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Unfortunately this is not the case for most X-ray bursts. The strong surface gravity
binds the ashes to the neutron star, and they are quickly covered by newly accreted
material. An exception is a small group of bursts with strong photospheric radius
expansion. At the peak of these powerful bursts, the luminosity reaches the Eddington
limit. Potentially, the upper layers of the star are blown off, and the burst ashes
are exposed for a few seconds. Observations of such bursts hint at the presence of
spectral edges, but the data quality has been insufficient to identify the ions involved
[83–85]. Another possibility is that the ashes could be ejected in the photospheric radius
expansion wind [86].
RXTE has ceased operations, but at present, similar high quality burst observations
are performed with the Nuclear Spectroscopic Telescope Array (NuSTAR [87]),
ASTROSAT [88] and the Neutron Star Interior Composition Explorer (NICER [89]).
The latter is sensitive in a lower energy band, which will allow for a more accurate
separation of the X-ray flux from nuclear burning and from the surrounding environment.
5.1.2. Theory
The first X-ray burst observations occurred just after the publication of a study that
predicted shell flashes from neutron stars [90], such that the thermonuclear nature was
quickly established [4, 91, 92]. Simple one-zone ignition models were used to map out the
different burning regimes as a function of M˙ [6] (see also [93, 94]), and one-dimensional
multi-zone models with increasingly sophisticated nuclear networks have been used to
simulate the nuclear burning during bursts in great detail (e.g., [5, 8, 10, 95–97]). Many
of the observed features of bursts and other burning modes are reproduced, including
a burst rate that increases with M˙ and stable burning at high M˙ . For those systems
that accrete a mixture containing both hydrogen and helium, the burning of both is
investigated separately. Unstable hydrogen burning via the CNO cycle produces bursts
at ignition temperatures of T . 0.7× 108 K. These conditions are reached at the lowest
accretion rates, M˙ . 0.004M˙Edd. If hydrogen burning ignites helium as well, a mixed
H/He burst results. However, for M˙ & 0.001M˙Edd this is not the case: helium continues
to pile up during several (relatively weak) hydrogen bursts until a powerful helium burst
ignites. The weak hydrogen bursts have not been identified in observations. At these low
accretion rates, there is sufficient time for gravitational settling to separate the ions in
the accreted composition, which may have an effect on the boundaries of these regimes
[98].
For M˙ & 0.004M˙Edd, hydrogen burns to helium via the “hot” or “β-limited” CNO
cycle, where the burning time scale is set by the combined half lives of 14O and 15O [10].
This burning rate is independent of temperature, hence hydrogen burning cannot run
away, and instead proceeds stably. Bursts in this regime are, therefore, produced by
unstable helium burning, starting with runaway 3α burning. For M˙ . 0.1M˙Edd there is
sufficient time to burn all hydrogen prior to the helium runaway. The burst then ignites
in a layer where all hydrogen has burned to helium: a so-called pure-helium burst.
Runaway 3α burning of helium to carbon raises the temperature and enables a series of
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α-captures on carbon, creating a chain of α elements up to calcium. Interestingly, when
T & 1 GK, (α, p) reactions take place which create a small amount of protons [86]. This
expands the accessible reactions with proton-captures, even though no hydrogen was
present at ignition. The by-pass of 12C(α, γ) by the faster 12C(p, γ), has been suggested
as the explanation for observed bursts with exceptionally short rise times of ∼ 1 ms
[86, 99].
At mass accretion rates in excess of 0.1M˙Edd, some hydrogen remains when helium
burning ignites, and again a mixed hydrogen/helium burst results. In the presence
of hydrogen, the 3α runaway is more complicated. Helium burns to carbon, which
boosts the burning of hydrogen in the βCNO cycle. In turn, the CNO-cycle burning
increases the helium abundance as well as the temperature, which further boosts 3α.
This interplay continues until at a temperature of 5 × 108 K breakout from the CNO
cycle via 15O(α, γ) and via 18Ne(α, p) at 6×108 K becomes efficient [100]. The break-out
reactions open the door for two long reaction chains. First the αp-process: a series of
(α, p)(p, γ) reactions. These are fast reactions that mostly take place at the burst onset.
This process feeds into the rp-process: a series of (p, γ) reactions and β+-decays. The
proton captures are typically fast, and the timescale of the rp-process is set by the half
lives of the decays. Therefore, the initial part of the reaction chain goes fast, until the
first slow decay is reached at 30S [8, 96] within roughly a second. A small amount of
the material in high-temperature regions enables this waiting point to be bypassed, but
the reaction sequence nonetheless stalls at 56Ni [96]. The rest of the rp-process burning
takes place in the tail of the X-ray burst, where it powers the light curve. The length of
the reaction chain depends on the amount of hydrogen that is still present at this time
and on the maximum temperature that is reached. The end of the rp-process lies at the
closed SnSbTe cycle [97, 101], but for typical burst conditions the composition of ashes
peaks at lighter elements near Ge and Ga [8].
The rp-process can follow multiple branches in the nuclear reaction network.
Which branch is dominant depends on the reaction rates, which are often only weakly
constrained by theoretical calculations (e.g., [102]). Experimental constraints on the
rates are crucial for accurate predictions of the ash composition. Changes to the reaction
path that substantially change the ashes often also produce observable changes in the
X-ray light curve (e.g., [103]). Large numerical studies identify which reactions are most
important in this respect and require new nuclear physics experiments to improve their
accuracy [9, 27, 104].
Both the pure-helium and mixed hydrogen/helium bursts as described by theory
have been observed. Furthermore, theory predicts that helium burning becomes stable
at high mass accretion rates M˙ ≥ M˙Edd. Observations see stable burning already at a
three times lower rate. Moreover, the observed reduced burst rate is not predicted by
theory. Possibly a hot crust [105, 106] or mixing processes [105, 107, 108] in the envelope
stabilize nuclear burning already at lower accretion rates. In addition, the reaction rates
of the CNO breakout reactions influence the stability transition [109, 110]. A further
observational constraint is that hydrogen and helium burning must produce sufficient
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carbon to power the rare superbursts (Section 5.2). Whereas burst models do not create
enough carbon, stable burning and shallow heating may be of importance here [111, 112].
Here we discussed one-dimensional models, which resolve the neutron star envelope
in the radial direction. They employ an approximation for turbulent mixing, which hints
at the fact that convective mixing of ashes and fresh fuel has an important effect on the
burst ignition and the resulting ash composition (“compositional inertia” [8]). In recent
years 2D and 3D hydrodynamics models have been created to study convection at the
burst onset [39, 113–116] and flame spreading across the stellar surface [117–120]. The
computational demands on such simulations are substantial, and only small approximate
nuclear networks are employed that lack the αp- and rp-processes.
5.1.3. Nuclear Sensitivities and Recent Uncertainty Reduction Efforts
The nuclear reaction sequence powering Type-I X-ray bursts involves more than a
thousand reactions on over three-hundred nuclei, posing a daunting experimental
challenge at first glance. Fortunately, not all nuclei and their associated reaction
rates are of equal importance. Model calculations of X-ray burst light curves and
nucleosynthesis have played and continue to play a critical role in identifying nuclear
physics uncertainties that are of the highest priority. The key nuclear physics
uncertainties associated with Type-I X-ray bursts are summarized here. Since X-ray
burst nucleosynthesis is covered extensively elsewhere [76, 104, 121–123], we will focus
on past highlights and important results from roughly the past decade.
Detailed calculations of the rp-process demonstrate that, of the large number of
reactions present, only a handful play a significant role in X-ray bursts [8, 124, 125].
Broadly speaking, these reactions can be categorized into groups (1) ignition/breakout,
(2) branch points, (3) waiting points, and (4) cycles. For a rough orientation on the
nuclear chart, (1) and (2) are generally located within the HCNO and αp-process
portions of figure 6, respectively, whereas (3) and (4) are generally located within the
rp-process reaction sequence.
Group (1) reactions are responsible for triggering the thermonuclear runaway
that initiates bursts. Namely, these are reaction rates that connect and break-out
of the CNO cycles via α-capture [126]. α-capture enables material to flow along the
valley of β-stability in the nuclear landscape and avoid unbound nuclides that easily
photodisintegrate. The important α-captures occur on nuclides with large equilibrium
abundances in the β-limited CNO cycles, i.e. those whose destruction while in the cycle
happens via the relatively slow β+-decay process [126].
Group (2) reactions occur at nuclides whose competing destruction rates are of
a similar order of magnitude, meaning the details of the competition determine the
subsequent reaction network flow. Branch points are especially prevalent during the
burst rise, when (α, p) and (p, γ) reactions on relatively low-Z nuclides compete [127].
These reactions are all located below 40Ca, as the Coulomb barrier is too large at and
above this Z for α-capture to be competitive.
Group (3) reactions are nuclides without a swift destruction process, which
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Figure 6. Nuclear reaction sequence powering Type I X-ray bursts [101] with colored
lines indicating rates driving particular parts of the X-ray burst light-curve [76].
temporarily brings most energy generation to a stand-still until a sufficient quantity of
material has been transmuted beyond that point. Generally, a waiting-point nucleus has
a low or negative proton-capture Q-value Qp,γ, meaning the photodisintegration reaction
is competitive with the corresponding radiative captures. Therefore, the rp-process flow
is funneled into much slower β+-decay or e−-capture decay, while a small percentage of
the flow bypasses the waiting-point via proton-capture on the equilibrium abundance
of the first proton-capture daughter [124, 128]. The waiting-point nuclide location and
equilibrium abundance are defined by the local proton and photon densities, np and nγ,
respectively, and the environment temperature T . Waiting points occur when Qp,γ is
such that the photodisintegration rate λγ,p is related to the radiative proton-capture
rate λp,γ via
λγ,p
λp,γ
=
np
nγ
(
µredc
2
kBT
)3/2
exp
(
−Qp,γ
kBT
)
& 1, (9)
where µred is the reduced mass of the (p, γ) reaction, which, for most cases of relevance,
µred ≈ 1. From the Planck distribution, nγ = pi (kBT )3 /(13c3~3). Using typical rp-
process conditions, ρ ≈ 106 g cm−3, X(H) ≈ 0.7, and T ≈ 1 GK, relation (9) is satisfied
for Qp,γ .1 MeV.
Group (4) refers to reaction sequences that operate collectively like a single-nucleus
waiting point [129]. The most well known of which is probably the SnSbTe cycle which
marks the rp-process end-point [101]. In these cases, (p, α) and (p, γ) reactions compete,
where the former continues the cycle and the latter enables the matter flow to break
17
Nuclear Physics of the Outer Layers of Accreting Neutron Stars
free.
Early X-ray burst calculations explored the impact of reaction rates on features
of the burst light-curve and ashes. For instance, (p, γ) reactions beyond 56Ni strongly
impact the late time light curve in single-zone calculations [130], as confirmed later
through calculations with higher-fidelity nuclear physics input [131] and multiple
zones [8]. These results prompted efforts to improve nuclear physics inputs, such as
implementing Hauser-Feshbach calculations and empirically-based direct capture and
resonant rates computed for astrophysical calculations [129].
The impact of nuclear physics uncertainties on X-ray burst ashes has been
explored by several groups. Early studies tested different reaction rate [131] and
mass [132] libraries. Due to limited computing power, early multi-zone work was
restricted to modifying half-lives to approximate the behavior of waiting-points [8].
Until recently, detailed sensitivity studies investigating individual reaction rates were
necessarily limited to post-processing studies, which lack feedback between nuclear
energy generation and environmental conditions, but enabled exploring the impact
of rates for a variety of astrophysical conditions [133, 134]. To date only one X-ray
burst sensitivity study has been performed for the whole rp-process with feedback
between energy generation and the environment [9]. Even in this case, multi-zone
reaction rate variations were limited to cases highlighted as important by a single-
zone study, as a train of a dozen or so bursts used to assess rate sensitivity required a
week or more to calculate (see Reference [72] for a discussion of burst models with
different dimensionality). The first single-zone mass sensitivity study with coupled
energy generation and hydrodynamics was only recently performed [27]. Note that
progress in high-precision mass measurements (e.g. References within [135]) means
that only a handful of masses with insufficient precision remain. Half-life sensitivities
need not be investigated, as almost all relevant half-lives are experimentally well-
constrained [27, 122]. That said, uncertainties remain in the modifications to terrestrial
half-lives that are required to account for high-temperature and high-density effects,
such as thermal population of excited states, inhibition of bound state electron capture,
and continuum electron capture [136–139].
A cautionary point regarding what the “most important” nuclear sensitivities are
is that this will depend on the astrophysical conditions. For instance, it is known that
the rp-process reaction network path depends on metallicity [97] and very different
bursts result from models with varied accretion rates [8, 140]. Additionally, at least one
model [141] has found discrepant sensitivity with respect to other models [9, 109] for
15O(α, γ), indicating more cross-code comparisons (e.g., [26, 142]) are needed.
Efforts to remove or reduce the most critical nuclear physics uncertainties have
primarily consisted of indirect measurements to constrain nuclear reaction rates. These
include measurements of nuclear masses, spectroscopy of low-lying nuclear excited
states, and determinations of statistical properties for more highly excited compound
nuclei. While direct measurements are preferable, the necessary radioactive beams at
astrophysically relevant energies and sufficient intensities are not yet available.
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We continue with a brief summary of recent uncertainty reduction efforts for
relevant rp-process reaction rates grouped by reaction categories defined above.
Ignition/Breakout: Experimental efforts have primarily focused on the two key break-
out rates, 18Ne(α, p) and 15O(α, γ), and the 14O(α, p) rate which links the CNO cycles on
the way to breakout. 14O(α, p) has most recently been summarized in References [143]
and [144]. Stated briefly, this rate may be known to sufficient precision. However,
further experimental investigations are merited in the ∼ 6−7 MeV excited state energy
region of the 18Ne compound nucleus to confirm important resonance information.
Furthermore, theoretical confirmation is required to assess the impact of 14O(α, p)
in more sophisticated X-ray burst calculations. 15O(α, γ) has most recently been
evaluated in Reference [141], though the most recent experimental results come from
References [145–148]. For this case the uncertainty stems from the unknown resonance
strength for capture into the ∼ 4 MeV excited state of 19Ne. The small α-branching
ratio dominates the rate uncertainty and has thus far evaded direct measurement. An
example of this rate’s impact on the X-ray burst light curve is shown in figure 7. The
state of 18Ne(α, p) is summarized in Reference [149], relying primarily on complementary
measurements from References [150–153]. Further progress for this rate would require
experimental resonance strength determinations in the ∼ 9− 11 MeV excitation energy
region in 22Mg. A less significant but nonetheless notable development is the recent set
of experimental constraints placed on 19Ne(p, γ), which connects 15O(α, γ) to the rp-
process, including the first direct measurement of capture onto a radioactive ion excited
state [154, 155].
Branch Points: Rates in the αp-process of particular importance are those involving
nuclides where destruction via (α, p) is competitive with the (p, γ) or β+-decay
alternatives. Chief among these are 26Si(α, p), 30S(α, p) and its competitor 30S(p, γ),
and 34Ar(α, p). A single measurement is the source of experimental constraints for
26Si(α, p), providing level energies but largely lacking certain spin assignments and α-
widths [160]. However, the relevant level densities are large enough that a statistical
reaction rate approach may be adequate. 30S(α, p) has been the subject of more
investigations, including direct measurements of the time-reversed reaction [161] and
spectroscopic studies of the compound nucleus 34Ar [162, 163]. As with the previous
case, absent a direct measurement of the forward reaction, α-widths are the source
of the main experimental uncertainty. The competing reaction 30S(p, γ) involves lower-
lying excitation energies in the compound nucleus 31Cl and has thus been more amenable
to spectroscopic constraints, resulting in a relatively well-constrained reaction rate [164,
165]. In the past few years 34Ar(α, p) has been the subject of a series of complementary
direct and indirect measurements. These include a spectroscopic measurement using
the (p, t) mechanism [166], a direct measurement above the Gamow-window [167], and
another announced work on spectroscopy of the compound nucleus using p, p′ [168]. A
comprehensive analysis of these works will likely vastly improve the situation regarding
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Figure 7. Averaged X-ray burst light curves and asymmetric 1-σ uncertainties
corresponding to sequences of >10 bursts, for multi-zone X-ray burst calculations
performed with MESA [156–158]. Calculations employ a solar accreted composition at
M˙=0.17M˙Edd onto an 11.2 km neutron star with 0.1 MeV per accreted nucleon of base
heating, where the distance and redshift of GS 1826−24 reported in Reference [78] are
used to convert luminosity (from the calculation results) to flux. Results are shown
using the ReacLibV2.2 rate library [159] (gray band), with a reduced 15O(α, γ) rate
(blue band), and a reduced 59Cu(p, γ) rate (red band). All other calculation details
are as described in Reference [26].
this branch-point nucleus.
Waiting Points: The nuclides which satisfy relation (9) and have several-second
half-lives are 56Ni, 64Ge, 68Se, 72Kr, and 100Sn. For these cases, Qp,γ for the waiting-
point nucleus is essential to determine the equilibrium abundance of the proton-capture
daughter. Qp,γ for the first proton-capture daughter and the structure of the second
proton-capture daughter are equally important in order to determine the flow of material
through the waiting-point. For waiting-points away from the proton drip-line, the
possibility of material flowing around the waiting-point also needs to be investigated.
56Ni falls into the latter category, where experimental constraints suggest a strong
waiting-point [169], but it is possible this waiting-point could be bypassed at high
temperatures and densities [170, 171]. 64Ge has been declared to not be a waiting-
point [172, 173], but this claim was likely premature. The large remaining uncertainty
in the nuclear masses of 65As and 66Se leave open the possibility for a strong waiting-
point, as do uncertain properties of relevant resonances for the 64Ge(p, γ)65As(p, γ)66Se
sequence [174]. Independent measurements have determined a rather negative proton-
separation energy of 69Br, resulting in <13% of material flowing through proton-capture
on 68Se, solidifying 68Se as a strong waiting-point [175–178]. Similar recently completed
measurements will soon resolve the waiting-point status of 72Kr, but results are not yet
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published [179]. Studies of 100Sn are limited to a confirmation of its long half-life [180],
but the proximity of this reaction to the rp-process end-point limits its importance for
all but the most energetic X-ray bursts [101].
Figure 8. Portion of the rp-process reaction sequence featuring the NiCu and ZnGa
reaction cycles. 59Cu(p, γ), 61Ga(p, γ), and 63Ga(p, γ) (red arrows) significantly affect
the reaction flow in this region.
Cycles: For cases where the α emission threshold is lower than the proton threshold,
(p, γ) and (p, α) reactions can compete [181]. In the vicinity of Z = 28−31, just beyond
56Ni in the rp-process path, this leads to the NiCu and ZnGa cycles [129]. For these
cycles, radiative proton-capture onto 59Cu, 61Ga, and 63Ga are of particular importance,
as indicated in figure 8. Proton-capture onto 59Cu either returns the cycle to 56Ni or
breaks-out via 59Cu(p, γ), depending on the (p, γ)/(p, α) rate ratio. Once out of the
NiCu cycle, the several minute half-life of 60Zn stalls the rp-process unless it is bypassed
by proton-capture. The ∼ 250 keV Q-value for 60Zn(p, γ)61Ga enables an equilibrium
abundance of 61Ga to be built-up, which can then bypass 60Zn(β+) via 61Ga(p, γ). 63Ga
plays the analogous role in the ZnGa cycle to the role of 59Cu in the NiCu cycle. At
present these rates are primarily determined by theoretical estimates [102, 182] since the
distance from the valley of β-stability makes even indirect measurements challenging.
The majority of rp-process reaction rates lack any experimental constraints beyond
nuclear masses and rough structure details. In their stead, the most common approach
is to employ shell model rates when available (and applicable), particularly in the mid-
mass region [182], and statistical model rates otherwise, e.g. [102]. A commonly used
reaction library which follows this strategy is the JINA-CEE ReacLib database [159].
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However, rapid experimental progress is anticipated in the near future.
Reaccelerated beams at the Facility for Rare Isotope Beams studied with devices such
as the JENSA gas-jet target [183] and SECAR recoil separator [184] will enable direct
measurements of several interesting reaction rates at astrophysically relevant energies.
Nonetheless, indirect measurements will continue to guide direct measurement studies
and to cover the large number of cases for which direct measurements will still not be
possible. Newer techniques, such as the β-Oslo method [185], are poised to significantly
grow the ranks of experimentally-constrained reaction rates for nuclides far off stability.
Though only discussed tangentially here, much of the discussion above also pertains
to nuclosynthesis during stable burning on the neutron star surface. For near Eddington
and super-Eddington accretion rates, nuclear reaction sequences often resemble the
rp-process [26, 111, 186, 187], resulting in burst-like ash distributions (see figure 4).
However, the detailed abundance distribution depends on the astrophysical conditions,
and so a wide variety of ash abundances can be produced in stable burning. For instance,
recently a regime of stable burning has been proposed around 0.1M˙Edd, with carbon-
rich ashes [187]. The exact reactions of interest for these processes will depend on the
hydrogen/helium composition of the accreted material and the accretion rate [94, 110].
5.2. X-ray Superbursts:
5.2.1. Observation
Superbursts were first observed in 1996 with the BeppoSAX/WFCs and RXTE [12, 188].
To date, 26 superbursts have been detected from 15 neutron stars [81]. Superbursts
reach a peak flux that is similar to normal bursts, but their decay lasts several hours,
and the total emitted energy is ∼ 103 times larger than for hydrogen/helium flashes
which justifies the “super” designation [189]. The X-ray observatories that detected
superbursts are in low Earth orbits of ∼ 90 minutes, which is shorter than the typical
superburst duration. Therefore, superburst observations are interrupted by data gaps
of up to 30 minutes, when the view of the X-ray source is blocked by the Earth (see
figure 5, bottom panel). Often the start of the superburst falls in a data gap, and it
is challenging to accurately determine the burst’s properties and confirm its superburst
nature, so it is instead referred to as a “superburst candidate” [190]. Most superbursts
have been observed with wide-field or all-sky instruments, which produce data of modest
quality. Only in two cases have detailed observations been performed with RXTE/PCA
[12, 191].
The observed superburst light curves are fit with numerical models of cooling
envelopes to determine the ignition conditions. From the tail of the light curve the
ignition column depth is measured, and the fluence constrains the energetics of the fuel
[192, 193]. The inferred parameters suggest that unstable carbon burning in the neutron
star ocean ignites superbursts [11, 12]. Ignition column depths are found to be in the
range of yign ' (0.2 − 3) × 1012 g cm−2, and the fuel energetics are equivalent to a
carbon mass fraction of ∼ 20% [81, 193]. The rise of the light curve is shaped by the
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temperature profile left behind by the carbon flame (measured only once [187]).
All superbursting sources also exhibit normal (short) bursts. Most have mass
accretion rates in the range of 0.1−0.3 M˙Edd, where the burst rate drops and a substantial
fraction of the accreted hydrogen/helium burns in a stable manner [194]. Both explosive
and stable hydrogen/helium burning may be necessary for superbursts. As the normal
bursts do not produce sufficient carbon, stable burning is likely needed to create the
carbon fuel (e.g., [111, 187]; Section 5.1.2). However, the bursts produce heavy isotopes
(iron group or heavier), which increase the opacity, allowing the base of the ocean to
reach the temperature required for runaway carbon fusion [11].
Because of their long recurrence times (typically a year) [81], superbursts are rare,
and each new observation brings new insight.
5.2.2. Theory
The nuclear processes that power superbursts show a resemblance to those in models
of Type Ia supernovae. The runaway is initiated by 12C+12C burning. One of the
dominant channels is 12C(12C, α)20Ne. A fraction of the α particles capture on carbon
to form oxygen, enabling the follow-up reactions 12C+16O and 16O+16O. The ashes
of these reactions are rich in 28Si. At sufficiently high temperatures (T & 109 K)
photodisintegration of silicon occurs (“silicon melting”). A large number of α particles
is created, the majority of which are quickly captured again to form a composition
that is dominated by 56Ni. The precise ash composition is set by the nuclear
statistical equilibrium of photodisintegration and capture reactions. Any isotopes in
the hydrogen/helium ashes substantially heavier than nickel will also photodisintegrate,
and this can contribute up to 50% of the superburst energy [195]. From the carbon
runaway, all these burning processes take less than a second to complete. Afterwards,
as the layer cools, electron captures transform 56Ni into 56Fe, making A = 56 the primary
component of the ashes as seen in figure 4.
Similar to the hydrogen/helium bursts (section 5.1.2), one-dimensional multi-zone
models are employed to study superburst ignition and the various burning processes.
Self-consistent simulations should model hundreds of hydrogen/helium flashes to build
up a carbon layer and produce a superburst, but this approach suffers from two problems.
First, it is computationally expensive, and studies with reduced rp-process networks
are likely not accurate (compare Reference [95] to Reference [8]). Second, as noted
in section 5.2.1, current models of hydrogen/helium burning do not produce enough
carbon. Therefore, superburst models typically directly accrete a carbon-rich fuel to
study ignition conditions [196]. Shortly before ignition, the accretion composition can
be switched to hydrogen/helium-rich material to study the effect of a superburst on
the atmosphere [197]. Importantly, the heated ocean after a superburst quenches short
bursts in the atmosphere: for several days hydrogen and helium burning becomes stable.
No multi-dimensional models have yet been created for superbursts. One-
dimensional simulations show, however, that the hydrodynamics of the carbon flame
is important for shaping the observable X-ray light curve. Initially, a convective region
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forms around the ignition depth, until heating by thermonuclear burning in one zone
becomes faster than cooling by convection. A local runaway ensues, burning all carbon
in that zone. The burning time scale becomes shorter than the sound-crossing time
scale, raising the question whether the flame will spread as a detonation [198, 199], or
whether convection can spread the flame to lower depths as a deflagration. Either of
these processes can generate a shock that produces a short precursor burst at the start of
the superburst light curve [197]. The carbon flame leaves behind a temperature profile
in the envelope, which shapes the observable light curve. It encodes information about
the ignition depth, fuel energetics, and the flame spreading (e.g., whether the flame
reached the surface or stalled) [187, 192, 193].
The ignition depths inferred from observations are smaller than those predicted
by theory [196], leading to questions about carbon fusion as the process that powers
superbursts. The problem of carbon ignition became more pressing with the discovery
of superbursts from transient sources [190, 200–202]. The neutron star envelope heats
up during accretion, but in most of these cases accretion was active for mere days or
weeks, which was thought to be insufficient to reach the temperature needed for runaway
carbon fusion [200]. Therefore, stronger heating of the base of the crust is required on
the relatively short time scales of the transient accretion events. This may be related
to the shallow heat source inferred for quasi-persistent transients when they cool after
accretion ceases (section 7.2). Simulations confirm that the ignition depth is reduced
with the addition of extra heating [196]. Interestingly, additional shallow heating has
also been proposed for enhancing carbon production during stable burning [112].
5.2.3. Nuclear Sensitivities and Recent Uncertainty Reduction Efforts
The several gigakelvin temperature achieved in superbursts is more than sufficient to
drive material to nuclear statistical equilibrium [195]. As such, the final abundance
distribution is largely determined by the nuclear masses, environment temperature,
and environment Ye. In principle the abundance distribution will be modified by light
charged-particle capture after nuclear statistical equilibrium freeze-out, but low proton
and α abundance predictions result in a negligible modification [195]. Since the majority
of the relevant nuclear masses are well known, uncertainties which may affect Ye are of
interest. Namely, these are the reactions modifying the ashes of the stable burning and
X-ray bursts already discussed above.
Though inconsequential in terms of the resulting crust composition, the 12C+12C
fusion rate is nonetheless of interest due to its role in triggering superburst ignition [203].
The relatively low energy of interest for the large Coulomb barrier involved (see
section 6.3) have made advances in this area extremely challenging [204]. Only very
recently have direct laboratory measurements pushed into the astrophysical energy
region [205, 206]. Of particular interest is the possible existence of a resonance in
12C+12C at a center of mass energy of ∼1.5 MeV [203]. This resonance has been
posited to explain the discrepancy between the observed and predicted superburst
ignition depth, much in the way the Hoyle state was predicted to explain cosmic carbon
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production [207]. However, present experimental constraints are contradictory and rely
on theoretical extrapolations [208].
6. Interaction of Nuclei Within the neutron star Ocean and Crust
The ashes of surface burning experience compression under the pressure of the
continuously infalling material (section 4). As they move to higher mass densities
(and greater electron chemical potentials), they undergo a variety of non-equilibrium
reactions. These reactions, primarily e−-captures, cause the compressed nuclei to
become increasingly neutron-rich. Near the neutron drip point, the reaction mechanisms
operating in the crust transitions from e−-capture reactions (with only ν and γ emission)
to neutron emission reactions [22, 28, 209]. The presence of pycnonuclear (density-
driven) fusion reactions [210–212] was also found in the inner crust [15]. These reactions
directly modify the crust composition, but more importantly, they can drastically alter
the thermal structure of the crust, impacting thermonuclear processes on and near the
surface and related observables ([24–26, 196, 213, 214]; section 7).
Nuclear reactions deposit heat in the neutron star crust during an accretion
episode [16, 23, 215] and an accurate accounting of crustal heating during active accretion
is required to match the neutron star’s surface temperature when accretion ends [21].
The impact of e−-captures on heating was substantially increased when it was realized
that nuclear de-excitations following electron captures increase heat deposition [22, 209,
216]. Experimental investigations along these lines include References [217, 218].
Non-equilibrium reactions may also cool the neutron star crust. Urca cooling—
cycles of e−-capture and β−-decay that generate neutrino emission— was introduced for
white dwarf stars [219, 220]. Only recently was it realized that the finite temperature
of the neutron star ocean and crust allows sufficient phase-space for Urca cooling to
exist [22, 24]. Shortly after, this was limited to odd-A nuclides [218] and efforts have
been made to employ more experimentally-based nuclear data and identify the presence
of Urca cooling in the neutron star’s outer layers based on observations of neutron star
crustal cooling [25, 26].
6.1. e−-Capture Reactions
The first transmutation ashes experience as they are buried by accretion of additional
material is a sequence of e−-captures. The rising electron chemical potential µe with
increased depth makes it energetically possible for e−-capture to proceed for nuclei
with steadily more negative e−-capture Q-values, QEC. Once µe > |QEC|, e−-capture
immediately proceeds. The end result is that the crust becomes steadily more neutron-
rich with increasing depth as shown in figure 9. Surface values of 〈Z〉, 〈A〉, and Qimp
for the ashes shown in figure 4 are listed in table 1.
The interesting pattern in the impurity shown for X-ray burst and superburst ashes
in figure 9 deserves some discussion. The overall decline in impurity with increasing
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Figure 9. Evolution of the average proton number 〈Z〉, average neutron number 〈N〉,
and impurity Qimp (see equation 5) due to e
−-capture for X-ray burst and superburst
ashes (see figure 4), using experimental masses when available [57] and the WS3 global
mass model otherwise [221]. The superburst impurity is multiplied by 10 for visibility.
This plot does not account for neutron emission and fusion reactions (sections 6.2 and
6.3). See figure 2 to compare to the pristine crust composition.
Table 1. Properties on the neutron star surface of the ashes shown in figure 4.
Quantity X-ray Burst Superburst Stable Burning
〈Z〉 24 25 26
〈A〉 52 55 60
Qimp 69 3 101
depth is due to the fact that higher-Z elements near stability undergo e−-capture at
lower µe relative to their lower-Z counterparts because the nuclear mass surface is more
shallow near the valley of β-stability at high A. The jumps in impurity are due to e−-
captures on the few isotopes which are the most abundant (see figure 4). For superbursts,
the dominant species are A = 52, 54, and 56, while for X-ray bursts A = 60, 64, and 68
dominate the composition with significant but less influential contributions from A = 28
and 32. This can be confirmed by a comparison of the location for jumps in the impurity
in figure 9 and |QEC| for neutron-rich isotopes of the aforementioned isobars.
e−-capture reactions are the richest in terms of potential for experimental nuclear
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Figure 10. Scenarios for e−-capture in the accreted crust at a depth indicated by
the electron chemical potential µe = |QEC|, resulting in heating (a and b), which
happen in steps indicated by the encircled numbers, or cooling (c and d), which are
cyclic. For e−-capture on an odd-A nucleus, a subsequent e−-capture cannot occur
until the nucleus has been buried to a larger µe. Therefore whether heating (a) or
cooling (c) occurs depends on whether β−-decay from the first e−-capture daughter is
favorable. For e−-capture on an even-A nucleus, odd-even mass staggering generally
enables an immediate subsequent e−-capture, resulting in heating (b). However,
special circumstances, namely a low-lying (relative to kBT ) low-J
pi isomer in the odd-
odd daughter of the first e−-capture, can enable cooling via e−-capture-β−-cycling to
proceed instead (d).
physics constraints with present and near-future facilities. Depending on the nuclear
masses and structure of the nuclei involved in an e−-capture reaction sequence, one of
four scenarios can take place once µe ≈ |QEC|, as depicted in figure 10. For these cases,
the two-step e−-captures will generally create local heat sources [22], whereas the e−-
captures that can be reversed via β−-decays can create local cooling sources [24]. The
heating predominantly comes from radiative de-excitation of states populated in e−-
capture, whereas cooling is due to neutrinos produced in the e−-capture and β−-decay
escaping the neutron star crust.
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The majority of e−-capture heating comes from the scenario depicted in panel (b)
of figure 10, where odd-even mass staggering makes it energetically favorable for an e−-
capture on an even-even nucleus to be immediately followed by e−-capture on the odd-
odd daughter of the first reaction. For this case, µe ≈ |QEC(Z,A)| > |QEC(Z − 1, A)|.
The first e−-capture happens near threshold (unless there is a large change in Jpi required
for a ground-state to ground-state transition), so little heating or cooling is achieved.
In the second e−-capture, roughly one-quarter of the surplus energy will be deposited
into the crust [215]. Usually the second e−-capture proceeds into an excited state of
energy Exs, and all of the de-excitation energy is deposited into the crust, resulting in
the lion’s share of the heating. The energy deposited for a two-step e−-capture starting
on isotope Z,A at a depth µe = |QEC(Z,A)| is
Eheat = η (|QEC(Z,A)| − |QEC(Z − 1, A)| − Exs) + Exs, (10)
with 1/6 . η . 1/4, where the exact pre-factor η requires an explicit calculation of
e−-capture to excited states [22, 215]. In the case depicted in figure 10a, µe is not large
enough for the second e−-capture to occur immediately. However, the β−-decay from
the first e−-capture daughter is much slower than the accretion timescale. Therefore the
second e−-capture happens only after the chemical potential has increased enough for
the next e−-capture to proceed. Little heating is produced in this case. Evidently the
nuclear masses and low-lying excited states of neutron-rich isobars of nuclides predicted
to be abundant in the ashes of surface burning processes are of significant interest for
e−-capture heating in the accreted neutron star outer crust. The amount of heating
produced by e−-capture reactions in the outer crust depends on the ashes composition.
For X-ray burst ashes, the total heating is on the order of 0.1− 0.15 MeV/u, or about
1035 erg s−1 at Eddington accretion rate [22]. Notice that this is more than five times
larger than the earlier estimates for a single-component composition [16] which missed
the role of excited states shown in figure 10b. Significant heating mostly results from
predominant nuclides with X(A) & 10%. It was found that when the heating through
excited states is included, the simple single-component model give similar e−-capture
heating as compared to results of more complete multi-component reaction networks
[23].
e−-capture cooling via neutrino-emission primarily occurs from scenario (c) in
figure 10, where the odd-even mass staggering eliminates the possibility of an immediate
subsequent e−-capture following e−-capture on an odd-A nucleus. Instead, a β−-decay
may proceed (as opposed to case (a), where we assumed a much slower rate for the
weak transition), resulting in an e−-capture/β−-decay cycle known as an Urca process.
Nominally such a scenario is possible for an even-even nucleus, however a specific set
of circumstances is required. Namely, as depicted in scenario (d) of figure 10, a low J
(∼ 0−1) state with Exs ∼ kBT must be present for an odd-odd nucleus with a high
J (& 2) ground state. The only promising candidate so far for scenario (d) has been
ruled-out [218].
The strength of Urca cooling is quantified by the luminosity of neutrinos produced
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by the pair of nuclides involved in the e−-capture/β−-decay Urca cycle. In its essence,
the neutrino luminosity is determined by the quantity of nuclides in an Urca pair, which
is set by the isobaric abundance and the Urca shell thickness, multiplied by the Urca
cycle rate, which in turn is determined by the weak transition rate. The shell thickness is
proportional to the temperature T , since the Urca cycle can operate within the window
µe ≈ |QEC| ± kBT , and inversely proportional to the local gravity g, as follows from
differentiating equation (3) [24]. The weak transition rates for the Urca cycle are mostly
determined by the integral over the momentum phase-space [222]. Due to the electron-
degeneracy, the phase-space is limited to the small thermal window around Ee− ≈ µe,
which is several kBT wide [223].
The above considerations result [25, 223] in a neutrino cooling luminosity
Lν(Z,A) ≈ L34(Z,A)× 1034 erg s−1X(A)T 59
(g14
2
)−1( R
10 km
)2
. (11)
Here X(A) is the mass-fraction of the e−-capture parent nucleus in the composition, T9
is the temperature of the Urca shell in units of 109 K, and g14 ≡ g/(1014 cm s−2). The
intrinsic cooling strength of the Urca pair, L34(Z,A), is given by
L34(Z,A) ≈ 0.87
(
106 s
ft
)(
56
A
)(
QEC(Z,A)
4 MeV
)5(〈F 〉∗
0.5
)
, (12)
where 〈F 〉∗ ≡ 〈F 〉+〈F 〉−/(〈F 〉+ + 〈F 〉−), the Coulomb factor 〈F 〉± ≈ 2piαfZ/|1 −
exp(∓2piαfZ)|, and αf ≈ 1/137 is the fine-structure constant. ft is the comparative
half-life, which should be implemented as ft = (fte−−capture + ftβ−)/2, since the
degeneracy of the parent state impacts the transition rate. However, ft from the
e−-capture and β−-decay generally agree within a factor of a few [224], so using an
estimate for one or the other transitions results in a negligible uncertainty compared to
other contributions.
The cyclic nature of the e−-capture/β−-decay enables the energy release from
cooling to exceed energy deposition from the inherently one-way e−-capture-only cases
by more than an order of magnitude [218]. We stress that this is plausible when the
crust temperature is of the order of 1 GK, given the T 5 dependence of equation (11). For
a typical outer crust QEC ≈ 12 MeV and a not unreasonable estimate of log10(ft) ≈ 5,
equation (12) results in L34 ≈ 103. Similar L34 values are obtained for QEC ≈ 8 MeV
and log10(ft) ≈ 4 or QEC ≈ 15 MeV and log10(ft) ≈ 5.7. For such nuclei, Lν will be
significant for X(A) & 1% [26] (compare with the e−-capture heating estimate above).
Therefore, it is critical for model calculations of near-surface nuclear burning to follow
abundance evolutions even for relatively low-abundance nuclides. This requires multi-
species and multizone nuclear reaction networks with precise nuclear physics input [9].
Furthermore, it is worth noting that cooling by e−-capture/β−-decay cycling does not
require continued accretion, whereas e−-capture heating only occurs while accretion is
active.
From equations (11) and (12), it is evident that nuclear masses and low-lying
nuclear structure of neutron-rich isobars of abundant surface-burning ashes are required
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to determine the strength of Urca cooling in accreted neutron star crusts. Ash
abundances (discussed in detail in section 5) are also critical, as Lν(Z,A) scales linearly
with the abundance of the Urca pair X(A). Nuclear masses impact the location
and strength of Urca cooling since QEC is related to atomic mass excesses ME via
QEC = ME(Z,A) −ME(Z − 1,A). Low-lying structure of Urca nuclides is key as ft is
directly related to the change in spin ∆J and parity ∆pi required for a weak transition
to occur [225].
In the absence of direct measurements, nuclear masses are estimated using global
mass models. Popular choices for crust model calculations include the Finite Range
Droplet Model (FRDM) [226], one of the many Hartree-Fock-Bogoliubov variations
(e.g. HFB-21 [227]), and one of the Weisza¨cker-Skyrme variations (e.g. WS3 [221]).
Globally, the trend in the odd-even mass staggering for increasing neutron-richness is
of particular interest. Large odd-even mass-differences along an isobar will result in
greater e−-capture heating, but will eliminate the possibility of Urca cooling for even-A
nuclides [218]. Due to this effect, the largest crustal heating is predicted for FRDM,
whereas HFB-21 results in the most significant cooling [24]. Nonetheless, the sensitivity
of L34(Z,A) to QEC(Z,A) highlights the need for experimental constraints. Recently,
such constraints have been the province of time-of-flight mass measurements, as this
technique is able to access the most exotic nuclides as compared to alternatives [228].
Already such measurements have constrained the heating for some of the strongest
heating sources [217, 229] and ruled-out Urca cooling for 56Ti ↔56 Sc [218], which was
once thought to be the strongest cooling source [24].
Presently, experimental data for ft of weak transitions between neutron-rich
nuclides are limited. For several cases near to stability, ft is available for ground-state to
ground-state transitions and ground-state to excited-state (which would be e−-capture
parent excited state to e−-capture daughter ground-state) from β−-decay measurements.
Developments are ongoing to enable (d,2 He) charge-exchange measurements in inverse
kinematics with radioactive ion beams, which would provide ft for e−-capture parent
ground-state to e−-capture daughter ground and excited states. However, the latter
technique requires a radioactive beam rate of ∼ 106 Hz (e.g. Ref. [230]), limiting the
applicable distance from stability. For the large number of remaining cases lacking direct
ft measurements, one must resort to theoretical calculations or estimates derived from
data-based systematics [24–26].
Among theoretical estimates, ft from shell-model calculations tend to compare most
favorably to experiment [231]; however, the absence of large-scale calculations results
in limited coverage of the nuclear chart [232]. As such, predictions from quasi-random
phase-approximation (QRPA) calculations have frequently been adopted instead [22, 24].
A more recent, alternative procedure has been to employ ft-values consistent with
systematics based on the change in spin and parity ∆J∆pi for a weak transition [25, 26].
Such a compilation is available in Reference [225]. This means that improved predictions
can be provided by spectroscopic measurements, which determine Exs and J
pi for low-
lying states of interest. This is advantageous since spectroscopic measurements require
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far fewer statistics than measurements of ft via β−-decay. Therefore constraints can be
provided for more exotic nuclides.
Given the dearth of available data, it is clear that many additional direct and
indirect experimental constraints on ft are necessary. In particular, measurements are
critical for neutron-rich isobars of odd-A nuclides predicted to have surface-burning
ash abundances on the percent-level. Current estimates implicate 33Al ↔33 Mg and
55Sc ↔55 Ca as the most significant Urca pairs for X-ray burst and superburst ashes,
respectively [26].
6.2. Neutron Emission
With increasing µe, e
−-captures shift the nuclear composition along isobaric chains
towards the neutron drip line where the neutron separation energy Sn becomes negative.
In that case, (e−, xn) reactions (here x means the number of neutrons emitted) lead to
the buildup of a free neutron abundance. In fact, neutron emission in this process can
occur before the neutron drip line if excited states with Exs > Sn are populated during
electron captures [209], as shown in case (b) in figure 10 (at the second e−-capture in
double capture, or if the first allowed transition at the first step is to the excited state).
After the neutron drip line, some neutron emission can proceed in rapid sequences called
superthreshold electron-capture cascades (SEC) [209]. In these sequences the products
of (e−, xn) reactions can be highly unstable to more e−-captures which can occur in a
cascade faster than neutron captures. This situation can repeat many times resulting
in a diverse reaction sequence with large neutron exchange between isotopic chains.
SEC are set by a competition between the e−-capture and (n, γ) − (γ, n) rates. Note
that neutron capture reactions strongly depend on the neutron degeneracy and, since
radiative processes are involved, can be enhanced by plasma physics effects [233, 234].
Some free neutrons can appear (to be immediately recaptured by the most abundant
nuclei) from (e−, xn) reactions as early as densities of µe & 14 MeV, but do not
significantly alter the reaction sequences [28]. The SEC processes are only found in
multicomponent reaction networks [28, 209] and do not appear in simplified one-species
treatments [16, 23, 215]. Neutron emission processes are an important source of heat
since emitted neutrons are rapidly thermalized by mutual collisions. The presence of
SEC shifts this type of heating to shallower depths [209] than found in one-component
models.
6.3. Pycnonuclear Reactions
Fusion reactions become significant when the reaction rate is faster than the rate at
which matter is buried to a depth where another e−-capture and/or neutron emission
is/are energetically favorable [15, 16]. As nuclei are charged, fusion reactions require
tunneling through the Coulomb barrier. In dense stellar matter the probability of the
barrier penetration, and so the rates of fusion reactions, are strongly affected by the
environmental conditions. Only when ions are in the weak coupling regime, T & Tl,
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where Tl corresponds to Γ = 1 (see section 2), the standard thermonuclear burning
(regime I in figure 11a) operates. In this regime, the reaction rate is determined solely
by the temperature and reacting nuclide abundances. In neutron star crusts most
fusion reactions operate in the opposite, pycnonuclear limit, where the possibility to
overcome the Coulomb barrier is driven by zero-point oscillations of the ions around
their equilibrium positions. The rates of the pycnonuclear reactions are subject to huge
uncertainties. In order to discuss those we first briefly address fusion in the familiar
thermonuclear regime.
Figure 11. Fusion burning in dense stellar matter. (a): Phase diagram for carbon
burning adapted from [235]. Black solid lines show relevant temperatures (marked
in the plot) separating different burning regimes (I–V). The dash-dotted line shows
solidification temperature in a classical liquid (Γ = 175). Upper and lower red solid
curves show the loci of the burning time τburn = 1 s and 10
10 yr, respectively. Thin
dashed lines bracket the uncertainty in calculations as discussed in the text. Dotted
lines represent the pure thermonuclear regime neglecting all medium effects. Values of
µe are shown on the upper horizontal scale. (b): Pycnonuclear reaction rates for
34Ne
fusion (upper, red curves) and 40Mg fusion (lower, blue curves) in the neutron star crust
assuming respective one-species composition and body-centered cubic lattice. Solid
lines give the optimal reaction rates, while thin dashed lines bracket the theoretical
uncertainties in Coulomb barrier penetration calculations. Symbols (open circles for
34Ne and open triangles for 40Mg) indicate in each case the depths where τburn = 1 yr,
1 d, and 1 s.
The key nuclear physics quantity for estimating a fusion reaction rate is the
astrophysical S-factor [58] related to the reaction cross section σ(E) for charged-particle
reactions by σ(E) = S(E)E−1 exp (−2piη), where E is the center of mass energy for the
reaction, η = αfZ1Z2
√
µredc2/(2E), is the Sommerfeld parameter, Zi and µredc
2 are the
nuclear charges and reduced mass for the fusing nuclei, respectively. The advantage
of introducing the S-factor is that it is a relatively smooth function of energy, where
the main part of the strong energy-dependence resulting from the Coulomb tunneling
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probability is factored out by exp (−2piη). For a structureless (i.e. non-resonant)
reaction, which most of the relevant reactions here are thought to be (though see the
remark in section 5.2.3 12C+12C), the counterbalance between the exponential increase
in tunneling probability towards higher energies and the exponential decrease of the
number of energetic nuclei results in that only nuclei in the vicinity of the Gamow peak
energy Epk in the tail of the thermal distribution actually fuse. The Gamow peak energy
is given by
Epk =
(
pi2µredZ
2
1Z
2
2e
4k2BT
2
2~2
)1/3
≈ 0.5 MeV
(
A
12
)1/3(
Z
6
)4/3(
T
108 K
)2/3
,(13)
where the second equality is for the fusion of like nuclei. Under the assumption of weak
S(E) dependence, the thermonuclear rate becomes
λth = 4
n2i
2
√
2Epk
3µred
S(Epk)
kBT
exp (−3Epk/(kBT )) . (14)
Direct measurements of fusion between two neutron-rich nuclides is not possible, as
this would require high-intensity low-energy beam-beam collisions between radioactive
nuclides and no such facility exists. As such, experimental studies focus on fusion
involving stable nuclides, which are useful in terms of benchmarking theoretical
models [236–238]. Nonetheless, measurements of S(E) for more systems are welcome,
particularly in light of the fact that, while theoretical predictions and experimental
results agree for fusion reactions involving some neutron-rich nuclides [239], intriguing
discrepancies remain for other cases [240–242].
The energies relevant for neutron stars are smaller than the current experimental
measurements reach. Hence, determinations of the S-factor are either performed by
extrapolations from fits to data measured at much higher energies or by theoretical
calculations based on tunneling through a barrier corresponding to a theoretical nuclear
potential [237, 238, 243–245]. Theoretical studies amount to calculating the tunneling
probability for some angular momentum transfer `, as represented by the so called
transmission coefficient T` (≤ 1). The cross section results from the semi-classical
relation σ(E) = piλ–2Σ`,max`=0 (2` + 1)T`, where λ
– is the reduced de Broglie wavelength.
`max = Rmax/λ– corresponds to the angular momentum at which the impact parameter is
equal to the sum of the participating nuclear radii Rmax = r0(A
1/3
1 +A
1/3
2 ) (r0 ∼ 1.2 fm),
though generally the few lowest ` provide the dominant contributions [243]. A large
set of astrophysical S-factors relevant to neutron star studies was collected recently in
Reference [246], where an economical analytical parameterization was proposed.
Using S-factors from Reference [246], in figure 11a we plot with dotted lines the
locations in T − ρ plane where the thermonuclear burning time τburn ≡ ni/λth is equal
to 1010 yr and 1 s for the 12C+12C reaction in a one-species carbon plasma. However,
at large densities and/or low temperatures (when Γ & 1), these rates become irrelevant
and the effects of ion correlations start to play the dominant role. The respective lines
of τburn = constant are shown with solid red curves and are clearly very different from
the dotted lines. One finds five regimes of nuclear burning (figure 11a) [212]. In the
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regime of strong ion coupling Γ & 1, screening of the Coulomb interaction eases barrier
penetration enhancing the reaction rates as seen in figure 11a. This burning regime II,
called thermonuclear with strong plasma screening, operates until quantum effects in
ion motion become important at T . Tpi. Here Tpi is the ion plasma temperature (for
a one-species plasma)
Tpi ≡ ~ωpi
kB
=
~
kB
√
4piZ2e2ni
Amu
≈ 1.9× 109 K
√
Z
A
( µe
20 MeV
)3/2
, (15)
where ωpi is the ion plasma frequency. The pycnonuclear regime V, already mentioned
above, operates for the lowest temperatures T . Tq = 0.5Tpi/ ln (Tl/Tpi). The remaining
regimes are the thermally enhanced pycnonuclear regime IV (0.5Tpi & T & Tq) and the
thermopycnonuclear regime III (Tpi & T & 0.5Tpi), which is the most uncertain. We
do not discuss intermediate regimes II–IV here, see detailed discussions in References
[235, 237, 247–249].
We now briefly describe the pycnonuclear regime mainly following the discussion
in References [237, 247]. More details can be found there and in References [212, 235,
244, 246]. For simplicity we first address the single-species composition and then discuss
the more relevant case of mixtures. The rate in the pycnonuclear regime T . Tq is
temperature-independent. In analogy to equation (14) it can be written
λpyc = Cpyc
n2i
2
S(Epk)
~
miZ2e2
ξβ exp (−αξ) , (16)
where the typical interaction energy is Epk ∼ ~ωpi [cf. equation (13)]. Constants Cpyc,
α ∼ 0.7, and β depend on the model for the Coulomb barrier penetration via zero-
point vibrations, and the parameter ξ = d2/r2rms characterizes the relative amplitude
of these vibrations. Here r2rms = ~/(2µredωpi) is the mean-square displacement of the
oscillating ion and d is the equilibrium distance between the closest reacting neighbors.
It is assumed that ions in the one-species plasma form a body-centered cubic lattice.
Then d = (3pi2)1/6a, where a is the ion-sphere radius defined in section 2. Putting
numbers in,
ξ ≈ 0.2A1/2Z7/6
( µe
20 MeV
)−1/2
. (17)
Under conditions relevant for the neutron star crust, ξ is large and gradually decreases
with depth. For pure 12C at µe = 20 MeV, ξ = 5.7, and for
34Ne, the first species to
fuse in the one-component model of Reference [16], ξ = 17 at the same depth. The
pre-exponential factor in equation (16) is usually large so the pycnonuclear reactions
start to be important at ξ  1. Such reaction rate is very sensitive to variations in
ξ and in the exponential prefactor α. Different models of tunneling resulting in small
variations in α transform to huge (several orders of magnitude) variations in λpyc [243].
If the type of the crystalline lattice is other than body-centered cubic, the value of d can
change producing huge variations again (see the MCP case below). To illustrate these
uncertainties, in figure 11b we plot the zero-temperature pycnonuclear reaction rates as
a function of µe for two potentially important pycnonuclear reactions for the neutron
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star inner crust, 34Ne+34Ne [16] and 40Mg+40Mg, using S-factors from Reference [246].
Solid lines are the ‘optimal’ rates, while thinner dashed lines correspond to maximal
and minimal rates, see Reference [243] for an extensive discussion. Triplets of open
symbols on each rate curve give depths where τburn = 1 yr, 1 d, and 1 s. Note, that we
use µe instead of ρ here, since in the inner crust the latter depends on the amount of
free neutrons and hence on the equation of state. As seen, the uncertainty in the rate
can be as large as ten orders of magnitude. Therefore, depending on a model, a given
pycnonuclear reaction can start at various points, can be delayed and start after the
accretion ceased [244], or does not operate at all. The same uncertainties are shown
with dashed lines in the left panel in figure 11a for carbon burning where all regimes are
considered. It is clear that the theoretical uncertainty increases with regime number.
The situation is even more complicated in a multi-species plasma [237]. The
most important point is the availability of close neighbors. In the most popular
uniform mixing model, the mean equilibrium distance is taken to be the same as
in the one-component model. Then the rates are calculated in a similar way as in
the one-component plasma (with proper renormalization of the model parameters,
and this procedure is also not very certain [237]). It is unclear, however, if the
formalism applicable for a one-component body-centered cubic lattice is equally good
for potentially amorphous structures, or for less abundant chaotic impurities (if they
have smaller charges they may start to fuse first). One can expect more frequent close
encounters for this case than in a regular lattice, increasing the reaction rate. On the
other hand, consider a regular lattice of two intermittent species. The closest distance
d for two nuclei of the same species will be a factor of 1.155 larger than in the one-
component or uniformly mixed case, greatly suppressing the pycnonuclear rate due to
exponential behavior in d2 [237]. Additional complications arise when the structural
changes caused during the course of pycnonuclear burning are considered [212]. When
two nuclei in a lattice fuse, this clearly creates a defect. What will happen next, how
the lattice will react to a number of such defects and in what respect this can affect the
burning rates, is basically unexplored.
Nuclear physics enters the pycnonuclear reaction rate (equation (16)) through the
astrophysical factor S(Epk) ≈ S(0). As the pycnonuclear reactions are thought to occur
in the inner crust of the neutron star, the presence of free neutrons provides another
potential source of uncertainty. It is not unreasonable to assume that the neutron gas
can alter the properties of the Coulomb barrier, making it lower and/or thicker. It
is impossible to study this experimentally. In Reference [246], the authors addressed
this problem by introducing phenomenological modifications of the barrier shape. They
found, taking 34Ne as an example, that even slight perturbations of the barrier shape
lead to another ten orders of magnitude variations in the S-factor at small energies and,
as a consequence, in the reaction rate.
The onset of pycnonuclear burning is thus strongly model-dependent. The lighter
nuclei can burn even in the ocean [245]. However the main pycnonuclear fusion is
expected to occur in the inner crust [16, 23, 214]. The importance of the pycnonuclear
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burning is that it is the main deep crustal heating source. For instance, in a one-
species-per-depth model of [16, 23, 215], the first pycnonuclear reaction (34Ne+34Ne)
releases about 0.5 MeV/u, or 25 − 35 percent of the total heating. In some cases,
similar to superthreshold electron capture cascades discussed in the previous section,
the product of the pycnonuclear fusion may become immediately unstable to a cascade
of electron capture reactions which drives it back to the initial nucleus by a chain of
neutron emission reactions. In other words, one of the nuclei acts as a catalyst for the
conversion of the other one into free neutrons [28, 214]. Note, that like superthreshold
electron capture cascades this scenario is only possible when multi-component reaction
networks are employed.
At first glance, the strong variation in the properties of pycnonuclear burning make
impossible any conclusions about the nuclear transformations and heat release in the
inner crust. However, this is not the case. As it has been shown [23], the total heat
released in the crust is remarkably independent of the particular sequence of nuclear
reactions an accreted element encounters. Indeed, close to the crust-core boundary the
accreted crust composition is expected to merge with the cold-catalyzed one. This means
that the energy released in the accreted crust is determined by the heat reservoir the
initial ashes have with respect to the ground (cold-catalyzed) state. During compression,
this extra energy is released in one way or another, but the net result is the same [23].
The total heat release in the accreted crust is found to be about 2 MeV/u. Looking from
the other side, the total heating is governed by the properties of the cold-catalyzed state.
Reference [214] analyzed several equations of state in the inner crust and found that
some of them have lower ground states predicting twice the heating that is assumed in
traditional models. Unfortunately, the pycnonuclear uncertainties strongly impact the
heating sources’ distribution, which may considerably affect the crustal thermal state
during and after an accretion outburst.
7. Observable Impact of Nuclei in the neutron star Ocean and Crust
7.1. Thermal Timescale of the Accreted Crust
As shown above, nuclear transformations during accretion modify the composition of the
crust and are the source of non-equilibrium heating/cooling processes. Below we discuss
the importance of these processes for observable systems – cooling X-ray transients and
for ignition conditions and lightcurves of X-ray superbursts. To begin, we consider the
heat propagation in the crust.
The thermal diffusion timescale between a column depth y and the surface is [250]
τ =
1 + z
4
[∫ y
0
(
cP
ρK
)1/2
dy′
]2
, (18)
where cP is the specific heat capacity per unit mass§ and K is the thermal conductivity.
§ Under neutron star crust conditions, the heat capacity at constant pressure cP and heat capacity at
constant volume cV are the same, cP ≈ cV [35].
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The heat capacity in the ocean and outer crust is set by ions, except for the outer
ocean at high temperatures, where the electrons dominate. In the inner crust, free
neutrons dominate the heat capacity unless they are superfluid (see section 2). In the
superfluid regions, the neutron contribution is suppressed and cP is determined by ions
and electrons.
Degenerate electrons provide the dominant contribution to the thermal conductivity
and it is mainly set by electron-ion scattering:
K = Ke =
pi2c2k2BTne
3µeνei
, (19)
where νei is the effective electron-ion collision frequency. The character of the electron-
ion collisions depends strongly on the phase state of the ionic system. In the
multicomponent liquid ocean, under the linear mixing rule approximation (e.g., [251])
νei =
4α2f
3pi
µe
~
〈Z2Λei〉
〈Z〉 , (20)
where Λei ∼ 1 is the Coulomb logarithm of the species in mixture. For estimates,
the mean ion model with 〈Z2Λei〉 ≈ 〈Z〉2 can be used [251]. Consider, for example,
thermal wave propagation in the hot ocean, where the heat capacity is set by electrons,
cP = pi
2〈Z〉k2BT/(〈A〉muµe). The integrand in equation (18) is then temperature-
independent and behaves like y−5/8 (neglecting the composition dependence on y). Thus
the resulting estimate is
τ ≈ 16.5 hr
(
y
1012 g cm−2
)3/4 ( g14
2.44
)−5/4 〈Z〉〈Z2Λei〉
263
(
56
〈A〉
)2
(21)
for 1+z = 1.31. This gives an order of magnitude estimate of the timescale for superburst
decay [11, 12, 192].
The situation is different in the crust. If a perfect crystal is formed (as expected
for the pristine crust, section 3), the thermal conductivity is set by electron-phonon
scattering. The corresponding collision frequency in the classical limit (T & 0.2Tpi) in
the single-phonon approximation is [252, 253]
νei = νe−ph ≈ 13 αf kBT~ . (22)
Note that this expression neglects various corrections (e.g., [251]) but is sufficient for the
qualitative discussion here. Clearly, since νe−ph ∝ T , it is much smaller than νei in the
liquid phase [equation (20)]; accordingly, the thermal conductivity is high. The reason
is that the elastic (Bragg) part of the scattering off the ordered crystalline lattice leads
to renormalization of the electron states to Bloch waves, and as such does not lead to
dissipation.
Consider for example the diffusion timescale of the crystalline outer crust. This is
relevant for studies of crustal cooling in young (. 100 yr) neutron stars (e.g., [254, 255])
and in the so-called quasi-persistent transients (section 7.2.2). For a classical crystal,
the ion heat capacity is cP = 3kB/(Amu) and from equation (18) one obtains [21]
τ ≈ 40 days× y3/414
( g14
2.44
)−5/4( 56
〈A〉
)2 〈Z〉
26
, (23)
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where now y14 is the column density measured in units of 10
14 g cm−2 and again 1+z =
1.31. The pure crust cools relatively fast. However, if weakly correlated impurities
are present, they contribute to the charge fluctuations that electrons scatter off. It is
customary to write the total conductivity using Mathiessen’s rule νei = νe−ph + νe−imp,
where νe−imp is given by equation (20) with the substitution 〈Z2Λei〉 → QimpΛimp, where
Λimp ∼ 1 is the Coulomb logarithm for uncorrelated impurities scattering. Comparing
νe−imp with νe−ph we find that the former dominates if
QimpΛimp & 31
〈Z〉
26
30 MeV
µe
T
108 K
. (24)
Thus, the impurity scattering becomes more important in the inner crust (large
µe) at low temperatures (since impurity scattering is elastic and thus temperature-
independent). Moreover, at T . 0.2Tpi, the electron-phonon scattering is further
suppressed by quantum effects roughly as∝ T/(0.2Tpi) (e.g., [253]), making the impurity
contribution dominant even for a “small” impurity parameter Qimp ∼ 1. These estimates
show that large impurity content would increase the thermal diffusion time.
The large impurity parameter of the ashes from most surface burning processes (see
figure 9 and table 1) raises doubts about the applicability of the simple prescription of the
pure crystal with uncorrelated impurities to the multicomponent mixture of the accreted
crust. Most of the recent molecular dynamics studies suggest that crystallization occurs
even for large Qimp in a way that ions of large charge occupy lattice sites (of a body-
centered cubic lattice), while smaller charge nuclei are found in interstitial regions [256–
259]. The appearance of the Bragg structure in scattering is clearly seen in simulations.
In addition, it was found that the impurities are actually correlated. Calculations of the
thermal conductivity [256, 257, 260] have shown that the uncorrelated impurities limit
underestimates the impurity contribution. Recently, the authors of Reference [260] used
the Path Integral Monte Carlo approach to find that the electron-impurity scattering
can be adequately approximated by νe−imp, where the effective impurity parameter
Q˜imp = L(Γ)Qimp is used in place of Qimp. According to [260], the correction factor
L(Γ) is about 1.5 − 2 at Γ ∼ 300 − 500 and increases to 3 − 4 at lower temperatures
(higher densities) where Γ ∼ 104.
Finally, if the mixture is so diverse that no crystal is formed and the solid phase
is in an amorphous state, then no regular lattice exists and equation (20) is applicable
as well (e.g., [261]). This is thought to be a lower limit for the thermal conductivity
and results in much longer diffusion timescales than given by equation (23) (e.g., [262]).
Nevertheless, it has been shown that diffusion in a multicomponent Coulomb plasma is
sufficiently fast to relax an initially amorphous structure to a crystalline state [258].
The presence of a pasta layer at the base of the inner crust (section 2) with
anisotropic nuclear clusters can drastically change the thermal behavior of the inner
crust. Transport properties of the pasta were studied by several authors during the
last decade (e.g., [263–266]), but a consistent picture has not been developed yet. It
is expected that transport in the pasta phase is anisotropic, with conductivity along
one of the symmetry directions being much more effective than along another [264, 266].
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The resulting thermal conductivity will depend on the orientation of the pasta domains
in the star. If these domains are oriented chaotically, or the lower-conduction axis is
aligned with the radius, the conductivity can be significantly reduced. The pasta phase
is thought to have a regular structure within one domain, but can contain topological
defects that can act like impurities [264]. This can make pasta a highly resistive phase.
Taking into account these complications, one usually describes thermal conductivity in
the pasta phase by introducing the phenomenological (usually large) impurity parameter
Qimp,pasta. Note that some studies do not find reduced conductivity in pasta (e.g., [265]).
An additional uncertainty that affects thermal relaxation in the inner crust is
contained in the heat capacity cP . If neutrons are superfluid (section 2), they do not
contribute to the heat capacity. However, in regions where neutrons are normal, they
comprise the dominant contribution to cP . As follows from equation (18), the presence
of normal neutrons will delay thermal relaxation; additionally, they can store more heat.
Thus, the results are sensitive to the profile of the neutron singlet 1S0 pairing gap. This
is especially important if the pairing gap does not penetrate the core and closes at
lower mass densities than the crust-core transition (e.g., [267]). In this case a layer
with a high abundance of normal neutrons would be present at the base of the inner
crust. In the regions where normal neutrons exist, the neutron thermal conductivity
Kn may play a role. It was found, however, that generally Kn < Ke throughout the
inner crust [268, 269]. Still, the neutron thermal conductivity can be important near
the crust-core interface and is worthy of future study [269].
7.2. Cooling Transients
Accreting neutron star transients in low-mass X-ray binaries (section 4) are bright
(LX ∼ 1036 − 1039 erg s−1) X-ray sources during accretion outbursts (see table 1 of
Reference [13] for a summary).
As described in section 6, non-equilibrium reactions deposit ≈ 1–2 MeV per
accreted nucleon in the neutron star crust during an accretion episode. When an
accretion outburst ends, the X-ray luminosity drops by several orders of magnitude,
the neutron star enters quiescence, and the fainter (LX ∼ 1031 − 1034 erg s−1) thermal
emission from the now cooling surface can be measured by sensitive X-ray observatories.
The subsequent evolution depends on the duration of the accretion episode. One
distinguishes normal transients, where accretion lasts for several weeks, and quasi-
persistent transients, where accretion can proceed for years or even decades. A recent
detailed discussion of the properties of cooling transients can be found in Reference [270].
Here we briefly describe the properties of transients necessary to understand the nuclear
physics impact on these objects.
7.2.1. Normal transients Before the start of an accretion episode, the neutron star is
isothermal inside (except a thin outer heat blanketing envelope). Energy release from
nuclear reactions during accretion breaks this equilibrium and heats the crust creating
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an inward and outward energy flux from the heating regions. During a relatively short
accretion outburst, the crust is not heated strongly and quickly relaxes to thermal
equilibrium with the core after accretion ceases. In this process, a fraction f . 1 of
the total heat release enters the neutron star core, typically ≈ 90 % [262], and a smaller
fraction 1 − f of heat diffuses toward the surface and is radiated away during crustal
cooling and by increased neutrino emission from the heating regions. Many cycles of
accretion/quiescence result in secular heating of the whole star with the secular heating
rate (as measured by a distant observer) of L∞heat = fQ〈M˙∆t〉/(mutrec(1 + z)), where
Q is the deep crustal heating power, 〈M˙∆t〉 is the mass accreted during an outburst,
on average, and trec is the average recurrence time. This heating is enough to balance
the energy loss due to surface emission L∞γ and neutrino cooling L
∞
ν from the bulk.
If the transient accretion behavior persists for a long time, the neutron star is found
in a steady state set by the condition L∞heat = L
∞
ν + L
∞
γ , with the temperature much
higher than expected for a passively cooling neutron star of comparable age [271]. This
steady state point is thus determined by the (unknown) neutrino emission rate from
the core. For higher rates, the steady state will be reached at lower temperatures (and
thus surface luminosities) for a given L∞heat. Measurements of the quiescent luminosity
with sensitive X-ray observatories thus in principle allow one to constrain the neutrino
emission mechanisms operating in the neutron star core [270, 272, 273], as well as the core
heat capacity [274]. At the moment, the strongest constraint comes from the coldest (in
quiescence) transient in the observed sample, SAX J1808.4−3658 [275], whose conditions
suggest that the powerful direct Urca neutrino emission process is operating in the core
of the neutron star in this binary. In addition, the need for a direct Urca process in about
1 percent of the core was recently proposed to explain the low inferred core temperature
in the quasi-persistent transient (section 7.2.2) MXB 1659−29 [276]. However, this case
is more uncertain as the accretion duty cycle is not known.
The main nuclear input here is the power of the deep crustal heating Q; however,
a robust inference is plagued by other uncertainties such as distance measurements,
stability of accretion duty cycles, and composition of the heat blanketing envelope of
the neutron star. The latter strongly affects the relation between the measured surface
temperature and the internal temperature which determines L∞ν . This uncertainty
does not apply for hot and weakly accreting systems where L∞γ  L∞ν so that the
steady state is determined by the directly measurable neutron star surface emission
(e.g., IGR J00291+5934, [270]). Such systems in principle have a potential to constrain
Q, but the observational uncertainties are still large.
7.2.2. Quasi-persistent transients During the long accretion outbursts in quasi-
persistent transients, the heat deposited in the crust is so large that it brings the
crust out of thermal equilibrium with the core [277]. When an accretion outburst
ends, the neutron star enters quiescence, the crust cools toward thermal equilibrium
with the core, and the neutron star’s surface thermal emission powers an X-ray light
curve [18, 19]. The shapes of quiescent cooling curves depend on the thermal structure
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of the neutron star’s outer layers at the beginning of quiescence. Confronting thermal
evolution models of the neutron star’s outer layers with observations leads to constraints
on crustal properties such as thermal conductivity and specific heat of dense matter, as
discussed in section 7.1.
Active studies of crust cooling in quasi-persistent transients started about two
decades ago when the first source KS 1731−260 ended a & 12.5 yr outburst and was
observed in quiescence with Chandra [19, 278]. The continuous monitoring of this source
in quiescence revealed the crust cooling towards thermal equilibrium with the core on
a ∼yr timescale [279]. This relatively short cooling timescale suggests a high thermal
conductivity in the crust consistent with an ordered lattice contaminated by a small
impurity content [20, 21, 279]. An amorphous crust with low thermal conductivity, which
would have a much longer thermal time (section 7.1), contradicts observations.
Since 2001, quiescent cooling curves have been observed in several low-mass X-
ray binaries and provide important data on the thermal evolution of the neutron star
outer layers across accretion regimes and gravities [270]. Interestingly, crustal cooling is
observed now not only in the quasi-persistent sources with long > 1 yr outbursts, but
also for several ‘ordinary’ transients with shorter accretion outbursts. The results of
these observations and crustal light curve modeling are extensively reviewed elsewhere
(e.g., [270]). Here we summarize only the main points:
The crust is pure: The analyses of all cooling sources generally suggest that a high
thermal conductivity and hence a low effective impurity parameter Q˜imp . 4 − 7
throughout the crust is favored (see, however, Reference [280]). Taking into account
the results of Reference [260], this indicates even smaller actual impurity content
Qimp . 1 − 3. By contrast, the distribution of ashes produced from X-ray bursts and
stable surface burning can have Qimp ∼ 70−100 (see figure 9 and table 1) suggesting that
a purification mechanism exists in the crust. We illustrate the impact of the impurity
parameter on cooling curves in figure 12. This crust cooling model uses the accreted
crust composition from Reference [16] and contains nuclear heating of Q = 0.3 MeV u−1
in the outer crust, and deep crustal heating of Q = 1.5 MeV u−1 in the inner crust. As
can be seen in figure 12, large values of Qimp lower the thermal conductivity of the inner
crust and increase the thermal time. Therefore, it takes longer for heat to diffuse out of
the inner crust during quiescence and for the crust to reestablish thermal equilibrium
with the core.
The estimates obtained in this way are more relevant for the inner crust where the
impact of impurities is more pronounced (section 7.1). In addition, the constraints
on the outer crust properties are contaminated by the mysterious shallow heating
source (discussed momentarily). The impurity parameter in most models and in our
illustrative calculations is set constant. Reference [277] allowed for a variable Qimp
with a higher value in the outer crust, lower value in the inner crust, and a smooth
transition between them. This allowed the authors to explain the observations of the
source XTE J1701−462; the adopted model is also consistent with observations of other
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transients.
Neutron superfluidity is favored: The intermediate part of the transient cooling curve is
usually fit better when neutron superfluidity is taken into account (e.g., [20, 21]), which
lowers the heat capacity in the inner crust causing it to store less heat and cool more
rapidly (section 7.1).
Extra shallow heating is required: It has been found that the standard heat release
from deep crustal heating models is usually insufficient to heat the crust to the high
effective temperatures observed at the early phase of quiescence [21, 281]. Although the
uncertainties in the nuclear physics may vary the heat deposited in the inner crust [214],
analyses of quiescent light curve shapes demonstrate that the additional heating source
must be located at densities ρshallow . 1011 g cm−3. For a standard model of deep crustal
heating, the strength of this additional source is found to be on the Qshallow ∼ 1 MeV
level. However, this estimate is model-dependent, varies from source to source, and may
vary from one outburst to another in the same source [281, 282].
Nuclear pasta is favored: It was found that the cooling curve of MXB 1659−29 is
better explained if a low-conducting region is included in the inner crust, that can be
attributed to the pasta layer [269, 283]. We illustrate the impact of the presence of pasta
in figure 13, where the thermal conductivity in the pasta is modeled by a large impurity
parameter Qimp,pasta for ρ > 8× 1013 g cm−3 and the model uses the 1S0 neutron singlet
pairing gap from Reference [267]. The presence of the heat insulator in the pasta layer
may explain the continuous cooling observed in MXB 1659−29 after 11 yr in quiescence
[284]. If the nuclear pasta layer has a low thermal conductivity, some regions of the
inner crust may remain above the neutron superfluid critical temperature depending on
the choice for the pairing gap [269]. As discussed in section 7.1, there may be normal
neutrons present in the pasta layer and the heat stored by normal neutrons will impact
the late-time cooling behavior of neutron star transients which remain in quiescence for
more than > 1000 days [269]. Note, however, that the temperature drop observed in
MXB 1659−29 may not be caused by continuous crustal cooling, but could be a result
of an increase in the absorption column density prior to the last observation [284].
It is important to note that strong constraints on the composition of the crust are
currently difficult to obtain because the shape of the cooling light curve is degenerate
with other neutron star parameters, such as the gravity and the core temperature, which
are unknown a priori. Also, accurate accounting for a variable accretion rate during a
long outburst can be important [285]. Finally, the observations, especially of the early
stages of crustal cooling, may be contaminated by residual accretion.
The hottest neutron star transient MAXI J0556−332 [286–289] is an excellent test
bed for observational signatures of Urca cooling nuclei pairs [290] because of the strong
(T 5) temperature dependence of Urca neutrino cooling (see equation (11)). The inferred
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Figure 12. Crust cooling models, showing the temperature decline of a neutron star’s
surface in quiescence, employing various choices of Qimp for the entire crust. This
crust cooling model uses a neutron star mass of M = 1.4 M, neutron star radius of
R = 12 km, and a core temperature of Tcore = 3× 107 K.
surface temperature at the onset of quiescence is nearly twice as large as the next hottest
transient observed [289], and it is the only transient thought to have a hot enough crust
the Urca cooling could produce an appreciable Lν . It was found that MAXI J0556−332
likely does not have Urca cooling operating in its crust because the quiescent cooling
trend would follow a different behavior than what is observed [290].
The authors of Reference [26] reexamined the quiescent cooling of MAXI J0556−332
and self-consistently added Urca cooling nuclei to the ocean and crust composition of
a thermal relaxation model. They found that Urca cooling would be apparent for X-
ray burst or superburst ashes, but not for the ashes of stable burning. Interestingly,
stable burning ashes produce percent-level X(A) for odd-A nuclides in the 70 .A. 80
range, but these isobars appear to lack significant Urca pairs due to their relatively large
ft [24, 26], see equations (11)– (12). Because of the large ocean and crust temperature in
MAXI J0556−332, it is indeed likely that stable burning has occurred in the outer layers.
As such, the absence of an Urca cooling signature in the MAXI J0556−332 light curve, as
shown in figure 14, is consistent with model calculations. Further consistency checks will
require the remaining nuclear physics uncertainties, particularly ft-values (section 6.1)
of abundant nuclides, to be determined experimentally. Spectroscopy studies at the
limits of experimental accessibility are underway for this purpose.
Well-constrained estimates of Urca cooling strengths, coupled with models of
cooling transient light curves, enable surface nuclear burning to be constrained over
vast timescales for neutron stars with high-temperature crusts. By analyzing cooling
transient light curves for signatures from Urca cooling, the composition of the accreted
neutron star crust can be constrained by determining the presence or absence of Urca
pairs [26]. As the composition is determined by past nucleosynthetic activity on the
neutron star surface, this method provides a theoretical approach to constrain surface
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Figure 13. Crust cooling models, showing the temperature decline of a neutron
star’s surface in quiescence, employing various choices of Qimp for the crust and the
pasta layer at ρ & 8 × 1013 g cm−3. This crust cooling model uses a neutron star
mass of M = 1.4 M, neutron star radius of R = 12 km, and a core temperature of
Tcore = 3× 107 K.
nuclear burning on accreting neutron stars over the past millenia.
7.3. X-ray Superbursts
Recall that X-ray superbursts are thermonuclear runaways triggered by carbon ignition
in the accreted neutron star ocean (section 5.2). Their long duration is set by the
thermal time scale of deep neutron star ocean layers, indicating an ignition column
depth of 1011−1012 g cm−2. This depth is relatively close to the outer crust. Therefore,
the occurrence of superbursts provides a measure of the thermal properties at the crust-
ocean interface as a function of depth. This is illustrated in figure 15 where the dashed
line shows temperature required to ignite carbon at a given column depth. Its position
is sensitive to the 12C+12C reaction rate, and enhancements in this rate are of particular
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Figure 14. Light curve of MAXI J0556−332 after the end of an accretion
outburst [289] compared to dStar [291] model calculations with (dashed line) and
without (solid line) Urca cooling expected for 33Al ↔33 Mg [26]. Models employ
Qshallow = 8 MeV per accreted nucleon, Qimp = 1 throughout the crust, and an
outburst duration and accretion rate that match observations [289]. The inset shows
the residuals to the no-cooling calculation.
interest, as they may help to explain the discrepancy between carbon ignition depths
inferred from observations and required in simulations (section 5.2.1). Furthermore,
superbursts quantify the carbon content of the hydrogen/helium burning ashes, which
cannot be inferred directly from observations of short bursts (section 5.1.1).
The thermal profile around the ignition layer is set by the heating sources in the
ocean and the crust. The impact of the nuclear reactions discussed in section 6 is
highlighted in figure 15, where the locations for e−-capture and pycnonuclear reactions
are shown. Heat from these reactions, which is typically produced at depths below
carbon ignition, diffuses upwards, raising the ocean temperature and enabling carbon
to ignite at some depth [196, 292]. This heat is insufficient, though, to raise the ocean
temperature to the level required to explain observations. The deep crustal heating
uncertainty of ∼ 2 MeV/u, discussed above [214], modifies the heating in the ‘pycno’
region just beyond the right bound of figure 15. This heat is mainly conducted inwards
to the core due to high conductivity and provides insufficient impact on the ignition
layer temperature. The temperature profile shown by a solid line in figure 15, which
crosses the ignition curve (dashed line) at reasonable densities, is obtained by adding a
strong (∼ 5 MeV/u) shallow heat source at yshallow ∼ 1015 g cm−2 [25]. The need for
such a shallow heat source is in line with the findings for the quasi-persistent transients
discussed in section 7.2.2. Some heating can also come from compositionally-driven
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Figure 15. Steady-state ocean temperature as a function of column depth (solid line)
for a neutron star with M˙ = 0.3 M˙Edd, M = 1.4 M, R = 10 km, and Tcore = 3× 107
K. A shallow heating of 5 MeV per nucleon is assumed, resulting in ∼0.25 MeV per
accreted nucleon in the ocean. The dashed black line indicates the temperature and
density at which ignition of unstable carbon burning in a mixed iron-carbon ocean
with XFe = 0.8 and XC = 0.2 will ensue. The open arrows indicate the regions where
e−-capture heating/cooling and pycnonuclear heating are active, where the region of
pycnonuclear heating extends to depths beyond the figure extent. (Adapted from
Reference [25]).
convection proposed in the ocean [40] (see section 8.3).
Additional complications come from the Urca pairs that can be present in the
neutron star’s ocean and crust. They form a thermal barrier between heat released
deeper in the crust and the carbon ignition layer. The strong temperature sensitivity of
the neutrino luminosity from Urca cooling (see equation (11)) means that even strong
deep crustal heating will not raise the ocean temperature if such a barrier exists.
A recent study investigated the interplay between heating and cooling reactions
in the accreted ocean and crust and the carbon ignition depth [25]. The authors self-
consistently calculated the Urca cooling nuclei pairs [24] one would expect from the
compressed ashes of Type I X-ray bursts and superbursts [186, 195, 200]. Urca cooling
layers were then implemented into a superburst ignition model [248] and it was found
that Urca cooling in the neutron star’s crust lowers the ocean’s steady state temperature
during an accretion outburst, while the ocean Urca pairs produce little effect. As a
consequence, superburst ignition occurs deeper than it would otherwise (see dashed
curve in figure 15).
The highest mass-fraction odd-A Urca nuclides produced in superbursts are of
interest for this scenario, i.e. A = 53, 55, and 57 (see figure 4), assuming recurring
superbursts would erase the signature of X-ray burst ashes. Of these, A = 55 is by far
the most significant due to the predicted percent-level abundance. Theoretical estimates
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vary largely for Lν for A = 55 nuclides, where the primary uncertainty comes from the
assumptions used to determine the values of log10(ft) for the
55Ti→55Sc→55Ca e−-
capture sequence [24, 25]. As such, measurements are required to resolve this issue.
Should log10(ft) . 5 be found for either of these transitions, this would imply that
the corresponding thermal barrier prevents a significant heat flow from deep crustal
heating to the ocean. This would deepen the mystery of the superburst ignition problem.
Furthermore, the presence of such an Urca layer would limit any shallow heating source,
discussed above, to locations above existing Urca layers.
7.4. Accreting neutron stars as Sources of Gravitational Waves
The first detection of the gravitational wave transient GW 150914 from a double black
hole coalescence with LIGO in 2015 [293] has started the era of gravitational wave
astronomy. Only two years after the first detection, a double neutron star merger
GW 170817 was reported [294] opening a new window for neutron star astrophysics and
providing exciting new insights into the physics of these objects.
Not only binary neutron stars can emit gravitational waves. In fact, fast spinning
solitary neutron stars have long been considered as possible persistent gravitational wave
sources if they possess some degree of asymmetry; for a recent review see Reference [295].
This can result from the certain types of oscillation modes possibly excited in the star, or
because of the presence of static density inhomogeneities (“mountains”) that the neutron
star crust can hold [295]. Let us focus on the latter case. If the mountains result in
neutron star ellipticity ε, a star rotating with a frequency ν would emit gravitational
waves mainly with a frequency f = 2ν and the energy loss is
E˙GW = 2piνNGW = −32
5
G(2piν)6(Iε)2
c5
, (25)
where I is the neutron star moment of inertia and NGW is the associated braking torque.
Thus, the emission of gravitational waves results in effective spin down which strongly
scales with frequency. The maximal ellipticity that crustal mountains can produce is
quite large εmax ∼ (0.1−1)×10−4 σmax [296–298] where σmax . 0.1 is the maximal strain
[299, 300] the crust can sustain. The largest mountains could produce a detectable signal.
However no gravitational wave emission has been detected yet from known pulsars and
current upper limits on ellipticity with advanced LIGO are of the order of 10−7 with a
minimum value of few of 10−8 [301].
Mountains can be built up in accreting neutron stars once some asymmetry in the
accretion process is assumed. One of the proposed mechanisms is directly related to
nuclear reactions in the crust (for other possibilities such as “magnetic” mountains see,
e.g., Reference [295]). The idea is that if lateral thermal or compositional gradients
are present in the crust, this radially shifts the positions of the electron capture layers
and hence the associated density jumps [297, 302]. The physics of the temperature
sensitivity of the e−-capture layers is based on the observation that at sufficiently high
temperatures T & 2 × 108 K the e−-capture rates become faster than the accretion
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timescale considerably before the corresponding threshold. Calculations show that in
fact, most e−-capture transitions occur subthreshold at |QEC| − µe = ΥkBT , where
Υ ≈ 10− 20 and depends logarithmically on T , comparative half-life ft, threshold QEC,
and local accretion rate m˙ ≡ M˙/(4piR2) [297, 302, 303]. The value of Υ gives a measure
of the thermal sensitivity of the position of the e−-capture layer. The radial amplitude
of the layer variation is then ∆ζ ≈ ΥYekBδT/(mug), where δT is the amplitude of
lateral temperature variations [297]. If these variations are quadrupole, the resulting
ellipticity is proportional to ∆ζ∆ρ, where in the outer crust the density jump at a given
e−-capture layer is ∆ρ/ρ = 2/Z. Based on this, the authors of Reference [297] obtain
the following fiducial estimate
ε ≈ 1.7× 10−9 Υ
Z
δT
107 K
2.44
g14
(
R
10 km
)4
I−145
( |QEC|
30 MeV
)3
, (26)
where I45 is the neutron star moment of inertia in units of 10
45 g cm2. This estimate is
strictly speaking applicable for the outer crust, but numerical calculations give similar
orders of magnitude also when the reactions in the inner crust are considered (there
the capture layers are thicker and their structure is modified since degenerate neutrons
dominate the pressure). In addition, equation (26) does not account for the elastic
response of the crust which in fact can result in an order of magnitude smaller values
[297]. Similar ∆ζ can be provided by compositional gradients instead of thermal ones,
if, for instance, the ashes that are compressing are not symmetrically distributed. The
source of the temperature asymmetry can stem from the asymmetry of deep crustal
heating. Therefore the largest gradients can be expected from the regions of the largest
heat release – i.e. in the inner crust where pycnonuclear reaction or superthreshold
electron-capture cascades operate. Notice that too large of gradients would result in
flux variations that are currently constrained at the level of δT/T . 0.1 [304].
Could nuclear mountains be detected with gravitational observatories? When
accretion ceases, the thermal gradients and thus mountains are thought to be erased
on the thermal timescale (section 7.1) [302, 304]. Thus, although the mountains in the
inner crust can be sustained longer, the chance of the gravitational wave detection from
transient sources is small. However, for the persistent accretion sources the situation is
more optimistic with the future instrumentation [304]. There is also a possibility that
the mountains are frozen in the crust and build up incrementally. However, this can lead
to too large of a spin-down rate due to gravitational wave emission which contradicts
observations for at least some sources [305]. See Reference [304] for a detailed discussion.
Even if they are undetected by gravitational wave observatories, crustal mountains
have important astrophysical implications. Initially the gravitational emission from
accreting neutron stars was invoked as a mechanism for limiting the neutron star spin-
up due to accretion [302]. The fastest rotator among the low-mass X-ray binaries is
4U 1608−52 with a frequency measured from bursts oscillations of 619 Hz [306] and
the fastest radio millisecond pulsar spins at 716 Hz [307] while basically one expects
that the accretion torque can spin a star up until the stability limiting frequency
∼ 1 kHz [35]. The strong frequency dependence of gravitational wave spin-down torque
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in equation (25) thus provides a natural explanation of the cutoff existence. Estimating
the accretion torque as Na = M˙
√
GMR, we get the ellipticity which allows gravitational
wave torque to balance Na:
εa ≈ 8× 10−9I−145
(
600 Hz
ν
)5/2
M˙
10−9M yr−1
(27)
for M = 1.4M and R = 10 km. In fact, the accretion torque at high frequencies may
be smaller, so the estimate from equation (27) is the upper limit (see Reference [308]
for further discussion). This estimate is generally consistent with equation (26) if the
mountains are built in the inner crust (note also that equation (26) is for a single capture
layer so many asymmetric capture layers can combine in larger mountains). Although
it is not clear now that gravitational wave emission is even needed for the explanation
of the spin-up limit and, instead, the physics of accretion possibly plays the major role
[308, 309], the bimodal distribution of the low-mass X-ray binaries over spin frequencies
reveals a sharp spike clustering around 600 Hz which is hard to explain without assuming
that gravitational wave emission becomes important around this frequency [308].
Another piece of evidence came recently from observations of the spin down of
the transient millisecond pulsar PSR J1023+0038 which showed a transition between
radiopulsar and low-mass X-ray binary stages. According to Reference [310], the
PSR J1023+0038 spin-down rate is faster in the low-mass X-ray binary state by
ν˙diff = −6.428 × 10−16 Hz s−1. This could be the first evidence that a mountain is
built up during accretion and the gravitational wave torque provides additional spin
down. The required ellipticity (estimated from equation (25)) is about 5×10−10, in line
with the distortions nuclear mountains can provide according to equation (26). If this is
indeed the case, then the gradual decrease of the spin-down rate on thermal timescales is
expected in the radiopulsar stage. On the other hand, if continuous monitoring of X-ray
oscillations during the low-mass X-ray binary stage reveals a spin-down rate increase,
this could indicate mountain(s) build-up and the nuclear mountain mechanism can be
tested.
8. Summary and Outlook
Remarkable progress has been made in the 50 years since the neutron star crust was
first proposed. We now know the outer layers of accreting neutron stars host a variety of
nuclear phenomena, many of which can be studied in terrestrial laboratory experiments.
Decades of efforts with X-ray telescopes have yielded a number of complementary
observations which, with insight provided by astrophysics model calculations, have
enabled the construction of the tomographic picture of the accreted neutron star
outer layers that we have today. These advances and current efforts in observation,
experiment, and theory have been discussed in the previous sections. Here we summarize
major remaining challenges and planned efforts to address them.
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8.1. What is Made In Surface Burning Processes?
Surface burning processes provide the seeds for crust processes, determining major
features of the crust composition. Therefore they indicate which nuclear reaction
heating/cooling processes are relevant for a particular neutron star. However, major
uncertainties remain as to the ashes produced in various burning regimes. Models
struggle to reproduce observational signatures of surface burning processes when
employing the inferred environment conditions. For example, among H-rich H/He-
burning X-ray bursters, only GS 1826−24 has had its light curve successfully modeled
and for that case models need a higher accretion rate than is inferred from observations
(possibly due to a high inclination angle of this source) [80, 142].
Type-I X-ray burst ash compositions from model calculations are sensitive to a
large number of poorly constrained reaction rates (section 5.1.3). Rates of particular
interest are those that lead to global changes in 〈Z〉, which would alter the depth at
which pycnonuclear fusion could proceed [311], and rates affecting odd-A abundances,
which may result in significant Urca cooling in the crust [26]. While some studies
have investigated which rates these may be [9, 27, 133, 134], a relatively small range of
astrophysical conditions has been explored in self-consistent calculations. In principle
the rates which impact superburst ash production, namely rates operating after freeze-
out from nuclear statistical equilibrium, would be of interest, but computational
challenges have made sensitivity studies prohibitively expensive.
The range in which different burning regimes operate is also not clear. One
challenge facing the study of Type I X-ray bursts is a discrepancy between theory
and observations for the boundary between stable and unstable nuclear burning
(section 5.1.2). Observational surveys of thousands of Type I X-ray bursts find a peak
burst rate near a mass accretion rate of M˙ ≈ 0.3 M˙Edd [74, 75, 312] after which the burst
rate decreases with increasing M˙ . Numerical models, however, predict an increase in
burst rate with increasing M˙ . Furthermore, studies of stable and explosive burning
fail to produce adequate amounts of carbon needed to ignite superbursts seen in some
objects exhibiting Type-I bursts [111].
8.2. What are the Major Heating/Cooling Sources in the Accreted Crust?
The thermal structure of the crust influences the transitions between burning regimes,
the depth at which fuel is ignited for unstable burning, and the rate of cooling after
accretion turns off. Therefore identifying and quantifying the most significant heat
sources and heat sinks is paramount to constructing accurate models of near-surface
phenomena on accreting neutron stars. While the general features of nuclei that make
them susceptible to generating substantial heating or cooling are known, identifying
specific nuclei is presently problematic (see section 6).
The masses, low-lying structure, and weak transition rates for neutron-rich nuclides
with A . 100 lack sufficient constraints to definitively quantify the presence and
strengths of e−-capture heating and cooling. For pycnonuclear fusion, the properties
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of the nuclear potential for low-Z nuclides far from stability needs further study to
establish whether observed enhancement in fusion rates, e.g. Reference [242], are the
exception or the rule. The myriad of theoretical uncertainties associated with estimating
pycnonuclear rates (section 6.3) need to be reconciled if the region of deep crustal heating
is to be determined. More modeling efforts for crust composition evolution need to be
coupled to surface-burning models for the same objects in order to remove degrees of
freedom and more rigorously test our understanding of heating and cooling reactions in
the crust.
A related and even less certain issue is the identity of the shallow heating
mechanism required in model-observation comparisons for nearly all accreting neutron
star observables. Heating beyond the scale of nuclear physics uncertainties (as we
understand them) appears to be necessary to reproduce observed properties of some
Type-I X-ray bursts [313], cooling transients [281, 290], and possibly superbursts [112,
196]. Better constraints on reaction-based heating and establishing the presence or
absence of Urca cooling layers will be key to restricting the strength and location, and
therefore mechanism, of shallow heating in accreting neutron stars. Furthermore, a
proper accounting of all possible heat sources needs to be done [314].
8.3. How does the Crust Become So Pure?
Inferences of the accreted crust thermal conductivity from observed cooling indicate
that minimal crust impurities are allowed (section 7.2). However, Type-I X-ray burst
and stable burning ashes have more than 10 times larger Qimp (table 1 and figure 4).
Models suggest that phase separation in the ocean and crust can be crucial for formation
of a purified crust. Molecular dynamics simulations [257, 315–317] and semi-analytical
calculations [41, 43] show that at the crystallization interface in most cases the solid
phase is enriched in heavier (higher Z) elements, while lighter elements remain in the
liquid phase. In some cases, however, (when the ashes average charge is low) the inverse
situation was found [43, 317].
The consequences of phase separation are not entirely clear. It was proposed
that enrichment of the ocean with light elements will result in compositionally-driven
convection [40, 318, 319]. However once a steady state is achieved, the composition of
the freezing solid should match on average the composition of matter entering the top
of the ocean [40]. Alternatively, the accumulation of light nuclei in the ocean eventually
results in their solidification so that alternating crystalline layers or crystalline domains
of different composition can form, reducing considerably Qimp in each layer or domain
[317]
Another possibility is that nuclear reactions can purify the ashes as they sink deep
in the crust (section 6). Recall that the observational constraints on impurities are more
relevant for the inner crustal regions (section 7.2). Pycnonuclear reactions burn lighter
nuclei before the neutron drip point and neutron emission reactions around neutron drip
simplify the composition towards a few closed-shell nuclei. Interestingly, this results in
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lowering the impurity for rp-process ashes, but on the contrary increases the diversity
of species if one starts from a pure one-element composition [28, 209, 214]. Furthermore,
very recent network calculations that follow the evolution of ashes beyond neutron drip
indicate that these multicomponent configurations are quickly destroyed and all matter
at ρ & 1.5× 1012 g cm−3 is converted into a single nucleus and a neutron gas, regardless
of the initial surface abundances [28]. The only exception is the case when heavy nuclei
(A ≥ 106) are present in the initial ashes. In this case the N = 82 nuclei are locked and
still present in the inner crust; the impurity parameter remains high in this case [28].
We also note, that binary (or multinary) crystalline structures can form, for
instance, if two species dominate the composition in a certain proportion [320]. Then the
impurity parameter can formally be high (depending on the charges in the mixture) but
the pure crystalline structure will lead to a high conductivity. Indeed, the compositions
dominated by two or few species in similar fractions are found at some point in the
reaction network evolved to the inner crust [28].
Clearly, a solid understanding of the accreted crust structure and composition does
not exist yet. This would require time-dependent calculations which couple models of the
structural changes in the crust (e.g. molecular dynamics) to a nuclear reaction network,
following the reaction sequence all the way to the crust-core transition, including all
relevant nuclear transitions.
8.4. What is Being Done to Solve These Problems?
Ongoing efforts in experiment, observation, and theory are constantly advancing the
frontier of what is known about the nuclear processes occurring in accreted neutron star
crusts and their observable impacts. Recent and near-future advances in instrumentation
and the open-source software movement promise to accelerate the pace of progress.
X-ray observations, on which neutron star studies rely, are performed with a number
of relatively new and advanced telescopes. These include stalwarts like the Neil Gehrels
Swift Observatory [323], INTEGRAL [324], the Chandra X-ray observatory [325], XMM-
Newton [326], and MAXI [327] and newcomers ASTROSAT [328], NUSTAR [329], and
NICER [330]. The problems discussed here would benefit from additional observational
data of Type-I X-ray bursts, superbursts, and cooling transients. For instance, more
regular bursters like GS 1826−24 would provide extra tests for models that successfully
reproduce observations [78, 80, 142]. Superbursts and cooling transients have small
populations, making our conclusions about these phenomena susceptible to small sample
biases. Another cooling transient with a hot crust like MAXI J0556−332 would provide
a new test for the presence of Urca cooling in the accreted crust. The holy grail from
this perspective would be a source with a variable accretion rate that exhibits Type-I
X-ray bursts and/or superbursts prior to an extended accretion outburst at high (near
Eddington) accretion rate. Further progress will also require next-generation telescopes,
e.g. the planned missions eXTP [331] and Strobe-X [332], in order to enable high-
precision observations that will obviate the need for light-curve averaging and possibly
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Figure 16. Predicted production rates in particles per second, as indicated by the
color, for ReA3 beams at the Facility for Rare Isotope Beams [321] compared to the
rp-process path [122]. See Reference [322] for a similar figure with anticipated fast
beam rates.
allow time-resolved spectroscopy.
Nuclear physics experimental efforts are beginning to benefit from newly-developed
techniques and will soon benefit from next-generation facilities. Improved constraints
on masses, structure, and reaction rates are required from nearly dripline to dripline on
the nuclear chart for A . 100. A consequence of the large number of nuclei involved is
that many useful indirect measurements are left to be done at presently existing stable
and radioactive ion beam facilities. The reach of these facilities is being expanded by
studies leveraging recently developed capabilities such as in-ring reactions [333], the
β-Oslo technique [185], phase-imaging penning trap mass measurements [334], and ion
beams produced in projectile fragmentation that have been stopped and re-accelerated
to astrophysical energies coupled to windowless gaseous targets [183]. Nonetheless, the
next-generation facilities FRIB [335] and FAIR [336] will provide unprecedented access
to nuclei participating in surface burning and crust reactions (see figure 16).
Most aspects of the accreted neutron star atmosphere, ocean, and crust have been
modeled, including various regimes of nuclear burning, phase separation, and exotic
reaction processes. Some of the most valuable ongoing and near-future efforts are
and will be those which seek to combine the major aspects of several models, e.g.
time-dependent accretion, phase separation, and a nuclear reaction network. More
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rigorous tests of crust models could be achieved by engaging in consistent multi-
observable modeling for sources such as KS 1731−260 which exhibits Type-I X-ray
burst, superburst, and cooling transient phases. Aside from reproducing observables,
more parameter studies assessing the sensitivity of models to nuclear processes are
desired to move beyond the small set of conditions that have been explored thus
far [9, 27, 133, 134]. Open-source astrophysics model codes, such as MESA [156] and
dStar [291] are invaluable resources for these studies by enabling more members of
the nuclear astrophysics community to contribute.
It goes without saying that efforts in observation, experiment, and theory will
benefit tremendously from cross-discipline collaboration. In this regard the nuclear
astrophysics community is performing exceedingly well. Continuing and strengthening
these bonds (through focal points such as the Joint Institute for Nuclear Astrophysics)
will be key to solving the many remaining issues of nuclear physics in the outer layers
of accreting neutron stars and the affected astronomical observables.
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